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FART I. COMPARISON OP 1,2- AND 
1,3-ELIMINATION REACTIONS 
INTRODUCTION 
A vast amount of knowledge has evolved from the extensive 
studies conducted in the large field of displacement and 1,2-
elimination reactions. The mechanism of these reactions has 
been studied in detail. The factors which influence the rate 
of the reaction and the distribution of products have been the 
subject of many investigations. In fact, the study of these 
processes has contributed greatly to our present day under­
standing of the nature of organic reactions. 
The less widely known and much less frequently occurring 
1,3-eliminatlon reactions have received very little attention, 
however, even though the resulting cyclopropyl system is of 
considerable theoretical and some practical importance. 
Previous discussions of 1,3-eliminatlon reactions, of 
necessity, have been based almost entirely upon an unproven 
analogy to the corresponding 1,2-case, It was the purpose of 
this thesis to elucidate the general features of this reaction, 
and to compare It directly with the much studied 1,2-ellmina-
tion by means of a simple system in which both reactions can 
occur in direct competition with each other. 
HISTOinCAL REVIEW 
Whenever one wishes to study an elimination reaction, it 
is always necessary to consider the possibility of a concxir-
rent displacement reaction. It is for this reason that these 
reactions will be considered to some extent whenever they 
appear to be Important in this review, even though the pri­
mary purpose of this thesis does not involve a study of dis­
placement reactions. 
The subject of elimination and displacement processes has 
been extensively studied over a considerable period of time. 
Undoubtedly the largest contribution to the great mass of in­
formation has been made by Hughes and Ingold.^ Since all this 
information has been very recently compiled and discussed by 
2 Ingold, it is appropriate to discuss these contributions 
mainly on the basis of this excellent discussion. 
Previous to the work of these authors, two opposing 
schools of thought had developed to explain nucleophilic sub­
stitution at a carbon atom. One, originally proposed by 
^cf, E, D, Hughes, C, K, Ingold, et, al.. J. Ghem. Soc.. 
2093 (19^8)J for leading references, 
^C, K, Ingold, "Structure and Mechanism in Organic Chem­
istry", Cornell University Press, Ithaca, New York, 1953i 
Chapters VII and VIII, 
- k -
LeBel,^ and restated by Lewis,^ favored the introduction of the 
entering group and the expulsion of the leaving group as a si-
inultaneous process. The other, proposed by Lowi^,-^ maintained 
that the process occurred in two steps. The process was as­
sumed to be initiated by an ionization proceaa to form a posi­
tively charged ion which then combined with the nucleophic re­
agent. In 1927, Hanhart and Ingold^ published the first of 
the long series of papers in which they showed a duality of 
mechanism which embodied both of the previous concepts. They 
also proposed mechanisms for the concurrent elimination re­
actions and proceeded to study the processes on this basis. 
The picture of the bimolecular elimination process which 
evolved from these studies may be summarized as follows: 
B'i- H-CRg-CRg-X —CR2~CR2"'^J —^ BH -I- CR^CRg + f 
The base, B, attacks a hydrogen situated beta to a leaving 
group, X, In the transition state both the C-H bond and the 
C-X bond are stretched giving rise to some bond character to 
the new C-C bond. In other words, the process is a concerted 
A. LeBel, Chlm. Phys,. 2, 323 (1911). 
^G. N, Lewis, "Valence and the Structure of Atoms and 
Molecules", Chemical Catalog Co,, New York, 1923, p. 113• 
c 
-^T. M. Lowry, Inst, Inter. Chim. Solvay, Consell Chim. 
(Brussels), I30 t1925)• 
Hanhart and C. K. Ingold, J. Chem. Soc.. 997 (1927). 
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one, in which both the hydrogen and the leaving group help in 
forming the new bond. The mechanisin for nucleophilic substi­
tution differs only in the respect that the negative charge 
is dispersed over fewer atoms. 




The mechanisms outlined above were supported by several 
facts. The dependence upon the presence of a strong base was 
demonstrated by the second order kinetics of the reaction. 
The mere demonstration of second order kinetics does not make 
the mechanism of Hughes and Ingold unique, since a prior equi­
librium between the substrate and its conjugate base, followed 
by elimination of the leaving group would give the same depen­
dence upon base concentration. 
fast - slow 
B + H-CRg-CRg-X CRg-GRg-X -h BH CR^CRg X 
Since any kinetic procedure would not differentiate between 
the two mechanisms, Skell and Hauser"^ have demonstrated by an 
isotoplc method that the latter mechanism does not operate. 
By reacting 2-phenylethyl bromide with sodlvun ethoxide in 
S, Skell and C. R. Hauser, J. Am, Ghem, Soc., 67. 
1661 (I9i|.5). 
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deuteroethanol they showed that there was no deuterium ex­
change between the ethanol and substrate, which would be the 
case if the above mechanism were operating. Therefore, by a 
combination of kinetic and Isotopic evidence, the only con­
clusion that may be drawn is that the mechanism is concerted 
as was proposed by Hughes and Ingold, if only these two me­
chanism are to be considered. 
This is not the case, however, as a third mechanism must 
be considered also, A two step process with the first step 
rate-determining must also be considered, since this type of 
mechanism would also fit the previous data, 
slow • fast 
B + H-CRp-CRo-X ^ CRp-CRp-X + BH j. CRjrCRo + X & lU im W ^ C 
It has been repeatedly reported that hydrogen halides 
are eliminated at different rates when the halogen is varied 
in the substrate molecule. These data very clearly eliminate 
this possibility, and leave only the concerted mechanism. 
The following evidence is an example of some recent work on 
this subject. 
The first and second order elimination reactions with 
several alkoxldes in the corresponding alcohol on ^ -amyl 
A 
halides have been investigated by Brown. The second order 
C, Brown and I, Moritani, J, Am. Chem. Soc., 76, 
(I95i^). 
elimination reaction could be made predominant at sufficiently 
high base concentrations, enabling them to compare the bi-
molecular elimination rates of Jb-arayl chloride, bromide, and 
iodide. It was found that the rate varied markedly with the 
particular halogen present in the molecule. This fact led 
Brown to the conclusion that tertiary halides also reacted 
blmolecularly by means of a concerted mechanism. It was also 
observed that the rate of elimination decreased as the cor­
responding base and solvent passed through the series: me­
thanol, ethanol, Isopropanol, and Jb-butanol, 
Several factors which influence the course of the re­
action have been studied extensively. It was recogpiized very 
early by Hanhart and Ingold^ that the structure of the sub­
strate was important in determining the products, and led to 
an explanation of the Hofmann and Saytzeff rules on the basis 
of electroraeric and inductive effects, respectively. For ex­
ample, these authors showed in a study of the bimolecular 
elimination of 'onium salts where the Hofmann rule holds, 
that the following series could be constructed with respect 
to the ease of olefin formation, 
primary > secondary > tertiary 
On the other hand, the elimination of halides, where the 
Saytzeff rule applies, gives the reverse order since the 
transition state in this case is closer to products than re-
actants, and the stability of the olefin formed is more 
- 8 -
q 
Important than the position of attack.' 
The competition of substitution and elimination reac­
tions has been noted by many investigators. Hughes and In-
gold^® found that the acid hydrolysis of sec-octyl and iso-
propyl halides in 60 percent aqueous ethanol at 80® gave 10 
percent elimination in the portion of the reaction that was 
first order. These authors found that in a series of 
processes, that the rate varied considerably, but the ratio 
of elimination to total reaction remained constant under con­
ditions of constant temperature, solvent, and structure while 
varying the halogen. They also noted a larger difference in 
rate between the acid hydrolysis of amyl chloride and bromida 
than between the bromide and iodide. 
In a criticism of Taylor's^^ work, Hughes and Ingold^^ 
found that the rate of bimolecular elimination reactions de­
creased as the base concentration was increased in the same 
reaction. Citing the work of Brussoff^'^ and that of 
Segaller^^ who reported opposite relative reactivities of 
R. Alexander, "Principles of Ionic Organic Reac­
tions", John Wiley and Sons, New York, 1950, p. Il5« 
D, Hup;hes, C. K, Ingold and U. G. Shapiro, J. 
Chem. Soo.. 1277 (1937). 
Taylor, ibid. 1962 (1937). 
Di Hughes and C. K. Ingold, ibid. 899 (19ij-0). 
Brussoff, Z. Physlk. Chem.. 129 (1900). 
Segaller, Chem. Soc.. 103. ll4-30 (1913). 
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secondary and tertiary halldes, these authors rationalized 
both results by assuming that a change in kinetics had 
occurred as the concentration of the base was Increased, and 
as the dielectric constant of the solvent was decreased. In 
other words, the reaction changed from a unimolecular to a 
bimolecular mechanism as the concentration of base was in­
creased and as the solvating power of the solvent was de­
creased. 
11^ 
Shreve and Burtsfield, in a study of the amination of 
alkyl bromides in liquid ammonia solution found that amina­
tion did not occur when the halogen v/as not in a primary po­
sition. Secondary and tertiary halldes produced only olefins, 
while in the primary case a mixture of olefin, primary, sec­
ondary, and tertiary amines was obtained. They also noted 
that the rates of amination of the chlorides were slower than 
with the bromides and gave a larger ratio of olefin to amine, 
"L 6 
Adamson and Kenner found that in the decomposition of 
primary nitrites in liquid a^tmionia solution to form primary 
amine, olefin, and secondary and tertiary alcohols, that increas­
ing the chain length from amyl to decyl resulted in a slight gen­
eral decrease in the amount of olefin from 30•! percent for 
amyl nitrite to Slf.ij. percent for the nonyl nitrite. The 
K, Shreve and D, R, Burtsfield, Ind, En^. Chem., 33, 
218 
W, Adamson and J, Kenner, ^  Chem. Soc.. 838 (193^1-). 
- 10 
yields of total substitution products were in doubt because 
of the low recovery of primary amine. The yields of second­
ary alcohol decreased rapidly, however, as the series was 
ascended, 
French and co-workers^*^ have studied the effect of con­
centration and strength of inorganic bases on the elimina­
tion reactions of secondary and tertiary halides. The bases 
employed varied from silver hydroxide to potassium hydroxide 
in aqueous solution. It was found that an increase in the 
ratio of base to halide increased the yield of olefin, and 
that an increase in base strength also caused an increase in 
the yield of olefin. The reaction rate was observed to be 
greater in the more dilute solutions, 
T A 
Vaughn, Vogt, and Niewland in a study of the prepara­
tion of ethers in liquid ammonia from primary alkyl halides 
and sodium alkoxides, estimated that an average yield of 
6-8 percent of olefin was formed along with considerable 
amine, 
Hauser^*^ has discussed the general mechanism of substi­
tution and elimination reactions and has considered th® 
^7h, E, French and A, E, Shaeffer, J. Am, Chem, Soc,, 
37, 1574, 1576 (1935); H, E. French, et. al,, ibid, 
(193l^.). 
H, Vaup^hn, R, R. Vogt and J. A, Nieuwland, ibid, 
a, 510 (1935). 
19c. Hauser, ibid. 62, 933 (I9lf0), 
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possibilities of eliminations other than that of the normal 
1,2 type. As an example, he cited the elimination of r-bro-
mobutyric acid to give the -r-lactone. 
In 1898 Henry^O synthesized cyclopropyl cyanide by dis­
tillation of 8-*-chlorobutyronitrile with dry potassium hy­
droxide and claimed 1^0-^0 percent yields. Bruylants and 
21 Stassens^ attempted the synthesis from r-chlorobutyroni-
trile and potassixim hydroxide in alcoholic solution and 
obtained only the substitution product, ir-ethoxybutyroni-
trlle. By another method employing sodium ethoxide and 
r-chlorobutyronitrile, Bruylants^^ obtained a mixture of 
cyclopropyl cyanide and the substitution product. Pyridine 
and quinoline at water bath temperature gave only allyl 
cyanide and no cyclopropyl cyanide, Cloke and Anderson,^^ by 
using sodamlde in ether solution, obtained a yield of 75 
percent cyclopropyl cyanide after 25 hours of reflux. No 
other product was isolated. 
Somraer, et. al.^ have observed l,3''ellmlnatlon when 
Henry. Bull, Scl, Acad. Roy. BelK.. (3) 36. 3k 
(1898); ibid. t3)'iTriTTiemTr ^ 
Bruylants and R. Stassens, ibid. (^) 2> 702 (1921), 
22p, Bruylants, ibid. (^) 6, ii.79 (1920). 
23j, B. Cloke, E. Anderson, and R. Anderson, J. Am. 
Chem. Soc,. 2791 (1931). 
Sommer, R. Van Strien, and F. C, Whltmore, ibid, 
2i, 3056 (1914-9). 
12 
^r-bromopropyltriraethylsilane was warmed witii a catalytic 
amoiint of aluminum chloride, A 92 percent yield of cyclopro­
pane was obtained. The chlorosllane gave only a 31 percent 
yield of cyclopropane when heated with a solution of sodivim 
hydroxide in aqueous ethanol. When the reagents were inter­
changed in the above procedures, no cyclopropane was obtained* 
In another experiment, 5-broraopentyltrlmethylsllane failed to 
give any cyclopentane, but gave 1-pentene instead, as would 
be expected, 
Ingold has investigated the competition among displace­
ment, 1,2- and 1,3-elimlnatlon reactions by the action of 
sodixim carbonate and potassium hydroxide in methanol on the 
<*-bromoglutaric esters. His results are presented in Table I, 
It is seen from Table I that the weak base in every case 
gave mainly substitution with no detectable 1,2-elimlnatlon 
being observed. On the other hand, the strong base gave pre­
dominantly 1,3-elimlnation, with the strongest tendency to 
cyclize being observed as the degree of branching increased. 
W e s t o n , i n  o r d e r  t o  p r e p a r e  d e r i v a t i v e s  o f  1 - p h e n y l -
cyclopropylcarboxyllc acid, has prepared 1-phenylcyclopropyl 
cyanide in 51 percent yield by the reaction of phenylacetoni-
trlle and ethylen'e bromide with sodamide in liquid ammonia. 
Since the reaction proceeds stepwise, the second stage must 
25a. W, Weston, ^  Am, Chem, Soc., 68, 231^ -5 (19^ 1-6) • 
Table I 











diethyl -bromoglutarate A 0 95 3 
diethyl a-bromoglutarate B 3 l6 il-7 
diethyl <x -dibromoglutarate A 0 90 10 
diethyl 0'' -dibromoglutarate B 0 10 90 
diethyl -bromo-^-methylglutarate A 0 90 10 
diethyl -bromo-p-methylglutarate B 9 8 614. 
diethyl ^ -bromo-^,^-dimethylglutarate B 0 8i|. 
^•Conditions A were 2M sodium carbonate with boiling for twenty hours and 
conditions B were 6k potassium hydroxide in methanol, with boiling for thirty 
minutes. 
' I k  '  
Involve a 1,3-elimlnatlon reaction of y-brorao-o(-phenylbutyro-
nitrile with a second equivalent of sodamide. 
Ingold^ has generalized the effect of the solvent on 
elimination reactions on the assumption that any observed 
effect is due to a difference in solvation of the reactants 
and the transition state. These effects for SNg and ££ re­
actions are listed in Table II. 
Ingold^ has also investigated the effect of temperature 
upon the competitive reactions and has stated that the elimi­
nation reaction has an Arrhenius energy of activation which 
is l»3-0*it- kcal/mol© higher than that of substitution when 
alkylsulfonium ions are used as substrate. He noted that 
this appeared to be a general rule. Therefore, one would 
expect an increase in temperature to increase the proportion 
of olefin slightly since the elimination reaction would be 
expected to have the larger temperature coefficient. 
Brown^^ has recently obtained evidence which indicated 
that the direction of elimination in sulfonium and ammonium 
ions may not be due to an inductive effect, but to the steric 
requirements of the ion. They have shown that the elimina­
tion of alkyl halides may be somewhat controlled by careful 
selection of the base. Hindered alkoxides such as potassium 
26h. C. Brown and I. Moritani, ibid. 1|.112 (1953) 
Table II 
Predicted solvent effects on rates and proportions of 
olefin formed in bimolecular reactions 
















Y + RX 





























SV 5 + 
Y—H—C —C—X 




triethylcarboxlde gave good yields of olefin with a terminal 
double bond, while sodiiam ethoxide produced fairly good 
yields of the more symetrical olefin. Brown has stated that 
it is possible to control the eliraination by two other me­
thods also* Increasing the steric requirements of the alkyl 
groups on the incipient double bond and increasing the steric 
requirements of the group undergoing elimination tend to 
shift the elimination away from the product predicted by the 
Hofmann rule, 
Isotopic studies on substitution and elimination reac­
tions have been conducted by Shiner.He has measured the 
rates of the blmolecular substitution and elimination reac­
tions of i5(-deutero- and^-deutero-isopropyl bromides in alco­
holic sodium ethoxide and compared these with the rates ob­
served for ordinary isopropyl bromide. The substitution rat© 
was almost the same for all three compoijunds, the elimination 
rate was the same for the ordinary and the <x-deutero compounds, 
while the ^-deutero one mderwent elimination more slowly than 
its protium analog by a factor of 6.7. He concluded that both 
hydrogen and the halide ions are lost simxiltaneously in the 
rate-determining step and that substitution and elimination 
are essentially independent reactions proceeding simultane­
ously. These conclusions are thus in full agreement with the 
27v. J. Shiner. Jr.. ibid. 7it. 5285 (1952); ibid, 75 
292s (1953): Ibid, jb, iSoTTTW. 
- 17 -
mechanism proposed by Hughes and Ingold# 
The first order solvolysis rates of some deuterated J^-
amyl chlorides have also been reported by Shiner. It was 
found that deuteration of the methylene group was slightly 
more effective in reducing the rate than deuteration of the 
methyl group. Methylene deuteration reduced the olefin pro­
duction by a factor of nearly 1.5 while methyl deuteration 
showed no significant effect, Octadeutero-_b-amyl chloride 
solvolyzed at a rate about two-fifths as fast as the normal 
chloride. These facts led the author to propose that sol­
vation of the ^-hydrogens is important in the transition 
state. Further observations of a secondary isotope effect 
has strengthened Shiner's viewpoint along these lines, and 
he has proposed that his hypothesis of elimination type 
driving forces for solvolytlc reactions suggests a reinter-
pretation of the effect of ^-branching on solvolysis rates 
and of the polar effects of alkyl groups in ionic reactions, 
which are usually explained on the basis of hyperconjugation. 
However, this was not the view taken by Lewis and 
Boozer who have studied the solvolysis of 2-pentyl bromide 
and have found that the rate was retarded by substitution of 
deuterium for hydrogen in the 1- and 3- positions. The de­
crease in rate was attributed to a difference in the loss of 
2%. S, Lewis and C, E, Boozer, J, Am, Chem, Soc,, 76, 
791 (1951^.). 
18 -
zero point energy of vibration of the bonds of these hydro­
gens between the reactant and the transition state. The 
withdrawal of electrons to satisfy the electron deficiency 
on carbon by hyperconjugation was believed to be the cause 
of this loss of zero point energy. They proposed that th© 
extent of rate retardation was a measure of th© importance 
of hyperconJugation and that the solvent and the leaving 
group modified the resultant electron deficiency on carbon. 
These authors did not exclude hydrogen bonding of the sol­
vent to the p-hydrogens as an alternate explanation of the 
observed secondary isotope effect. But since they noted 
that the isotope effect was reduced with an increase in nu-
cleophilic character of the solvent, they felt it must re­
duce hyperconjugation and thus the action of solvent on th© 
«n-carbon must be more important than that on hydrogen, 
Lewis^9 has investigated the solvolysis rates of <<•-£-
tolylethyl chloride which had been deuterated in the para 
methyl position. A secondary isotope effect was found which 
compared with that previously reported by Lewis and Boozer. 
The authors feel that this latest evidence excludes the 
27 
elimination type driving force favored by Shiner ' in reac­
tions of this type. Hyperconjugative contributions such as 
s, Lewis and G. M, Goppinger, Unpublished communi­
cation to Am. Chem. Soc., I6 U95it.). 
. 19 « 
H 
/Vv 
Rg- C — C-Rg 
are also excluded. 
Evidence for and ^-elimination from deutero alkyl 
30 
halides has been reported by Hauser and co-workers. It 
was found that 2-ethylbutyl bromide exhibits only ^ -elimina­
tion, while n-octyl halides exhibit -elimination as well as 
-elimination. Hydrogen halide was eliminated more readily 
than hydrogen deuteride. The mechanism of the -elimination 
was explained by a simultaneous removal of hydrogen and halo­
gen, with a shift of hydrogen from the y3- to the «-carbon 
atom occurring at the same time. The mechanism of /0- and 
oc-ellmination respectively, was pictured by the author as 
follows; 
^ H H 
B ^ H«-C-C-X BH« + X -t- C=C 
11 II 
H <r-B E» 
H^^-C-C-X —» BH + X"+ 6=C f I II 
The necessity of an oC-elimination came from the observation 
that a loss of deuterium in the ^ (-position was observed. It 
was established by recovering unreacted substrate that no 
deuteri\im-hydrogen exchange took place during the reaction, 
G. Hill, W. Judge, P. Skell, S, Kant or, and C, 
Hauser, Am. Chem. Soc,. m. 5599 (1952), 
- 20 -
EXPERIMNTAL 
The Synthesis of Materials 
y-Bromobutyronitrile was prepared from trlmethylene bro-
mide according to "Organic Syntheses"."^ A solution of 1.2 
moles of potassium cyanide in 100 milliliters of water and 
350 milliliters of 95 percent ethanol was prepared in a two 
liter three-necked, round-bottomed flask fitted with a tru-
bore stirrer, a reflux condenser, and an addition funnel. 
One mole of Eastman Kodak White Label trlmethylene bromide 
was added and the mixture was refltixed for about two hours. 
The Solution was then cooled and diluted with approxi­
mately 500 milliliters of water. The bromonltrile was col­
lected by extraction with successive 50 milliliter portions 
of chloroform. The chloroform solution was then washed with 
100 milliliters of saturated calcium chloride solution, and 
dried over anhydrous calcium chloride. 
The majority of the chloroform was then removed by sim­
ple distillation. The crude product was placed on a vacuum 
column and fractionated at 30 millimeters pressure. The pure 
y-bromobutyronitrile, b.p. 110°, l.ij.7ii.7j was obtained in 
35*7 percent yield along with unreacted trlmethylene bromide 
Organic Syntheses", Coll. Vol. I, edited by A. H. 
Blatt and H. Gilman, John Wiley and Sons, New York, 19^1-1# 
p. 156. 
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and a small amount of trimethylene dicyanlde. 
"Zr-Chlorobutyronltrlle was prepared in the same manner 
as the bromo-compound from Eastman I'hite Label trimethylene 
chlorobromide, A I4.6.3 percent yield of pure T-chlorobutyro-
nitrile was obtained by fractionation of the crude product 
at four millimeters through a vacuum colvmin. The pure ma­
terial, 1,14.396, boiled at 51 •5-53*0° at this pressure, 
Cyclopropyl cyanide was synthesized by the method of 
22 Cloke and Anderson. Sodamide was prepared by adding sodium 
metal to a liquid ammonia solution containing a crystal of 
ferric nitrate. When all of the sodixim had reacted, T-chlo-
robutyronitrile was added dropwise. The solution was allowed 
to stand several hours, at which time about 100 milliliters 
of ether was added, and the ammonia was allowed to evaporate. 
The sodium chloride was filtered off after the excess soda­
mide was destroyed by the addition of ansnonium chloride. 
The ether solution was then placed on the vacuum column, 
and the solvent was removed under partial vacuum. The crude 
cyclopropyl cyanide was then fractioned at 33 millimeters pres­
sure giving a 67 percent yield of pure material, n^^ 1,1^.178, 
boiling at I4.9®, 
Allyl cyanide was prepared from allyl bromide by reac­
tion with cuprous cyanide by a slight modification of the 
- 22 
32 procedure given in "Organic Synthesis", A slight excess 
of dry cuprous cyanide was placed in a liter three-necked, 
round-bottomed flask fitted with a Tru-bore stirrer, an effi­
cient condenser, and an addition funnel. A few milliliters 
of redistilled Matheson allyl bromide were added, and the 
flask was warmed with a free flame. After a few minutes of 
gentle heating the reaction started, and the solid turned 
dark brown. The remainder of the allyl bromide was then 
added dropwise at a rate sufficient to produce rapid reflux. 
The solution was then heated on a steam bath for several hoxira 
to complete the reaction. 
The crude allyl cyanide was obtained by distillation from 
the reaction mixture. The product was then fractionated in a 
glass helix packed column. The fraction, l.lj.062, boiling 
at 117#5® was collected in an 87 percent yield. 
Cis and trans crotononitrile were prepared from allyl 
cyanide by the method of Bruylants Dry hydrogen bromide 
was prepared by the reaction of bromine with tetralin in a 
heated flask or was used directly from a cylinder. The gas 
was passed into allyl cyanide, by means of a bubbler extending 
to the bottom of a flask, until the liquid was completely 
^Ibid, p. i|.6. 
Bruylants, Bull. Soc. Ghlm. Bel^.. 31. 175 (1922). 
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transformed into a mass of crystals. The composition of 
these crystals was not ascertained, but it was noted that 
they would decompose into a liquid and hydrogen bromide when 
either heated or touched with a metal spatula. It seems 
reasonable that the compound was a hydrogen bromide adduct 
of ^ -bromobutyronitrile, probably bovind at the nitrile group, 
and not an olefin-hydrogen bromide adduct which is known to 
exist at low temperatures. This conclusion is merely a con­
jecture, however, and is not supported by any strong evi­
dence other than the observation that the crystals did not 
fom tintil the solution was fairly well saturated with hy­
drogen bromide. 
The solid adduct was then decomposed and the ^-bromo-
butyronitrile was decomposed by the addition of a slight ex­
cess of two equivalents of quinoline, followed by distilla­
tion of the crude nitriles. The yield of crude crotononi-
triles was practically quantitative if the solid adduct was 
formed before elimination. 
The crude crotononitriles were then placed on a vacuum 
column, and rapidly fractionated at 60 millimeters pressure. 
The lower boiling cis Isomer, n^® l.ip.77, was collected @ 
Since the trans isomer was quite unstable even at 
this temperature, only a small amount of fairly pure material 
could be obtained by fractionation. 
The melting points of the two isomers allowed a further 
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purification at dry Ice temperature. The trans isomer re­
portedly melts at -51°, while no melting point is given for 
the cis isomer. By a crude fractional crystallization pro­
cess, consisting of merely pouring off any liquid remaining 
upon freezing the impure trans isomer in dry ice, a material, 
n20.1 boiling at 51° at the above pressure, was ob­
tained. An infra-red spectrum of each isomer was taken and 
is reproduced in Figures I and II, 
•y-Piperidylbutyronitrile was obtained by the reaction 
of y-bromobutyronitrile with piperidine. Excess piperidine 
was used as solvent. Since the reaction was extremely vigor­
ous, the r-bromobutyronitrile was added dropwise to the piperi-
dine at room temperature. The piperidine hydrobromide was 
filtered off and the product fractionated in a vacuum column 
at 2 mm. pressure giving a product, n^^ 1,14.650, which boiled 
at 59~60°, The literature values are correspondingly np^ 
1.14.665, and h*P*25 114-8-50°.'^ 
Lithima N-methylanilide was prepared by the action of 
n-butyl lithium on N-methylaniline. The n-butyl lithium was 
prepared in one of a pair of 500 milliliter three-necked 
flasks to which a medium porosity glass sintered disk had 
been sealed into the bottom thereof. A stopcock was also 
Whitmore, et. al,, J. Am, Chem. Soc., 66, 725 
il9kh)* 
Figure I. Cis crotononitrile. Cell length: 0,1 nan. 
Note particularly the bands at ^,6 and 
Figure II, Trans crotononitrile. Cell length: 0,1 mm. 
Note again the intensities of the 9*6 and 9*8/^bands, 
and compare them with Figure I, 
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sealed on below the sintered diak to allow a reaction to be 
conducted in the flask, and then filtered into an identical 
flask without ever having bean exposed to the atmosphere. 
n«Butyl bromide, purified by drying over Drierite followed 
by distillation, was placed in the flask with anhydrous ethyl 
ether, and a slight excess of lithium wire was added while 
flushing the system with dry nitrogen. 
After the reaction was complete, it was filtered into 
the other flask by application of a slight vacuum on the 
lower flask and a slight nitrogen pressure on the upper 
flask. An equivalent of purified N-methyl aniline was then 
added to the ether solution and the solution was stirred for 
about three hours. The yellow-orange solution was then evap­
orated to near dryness leaving an orange precipitate. No 
suitable solvent could be found to recrystallize the precipi­
tate, which may or may not have been the desired lithium salt. 
Since the pure salt could not be isolated, so as to distin­
guish its basic properties from n-butyl lithium, it was not 
used as a base. 
Sodium triphenylmethide was prepared by the reaction of 
triphenylmethyl chloride with sodium amalgam. The sodium 
amalgam was prepared as a two percent solution by the pro­
cedure given in Organic Reactions,Recrystallized Matheson 
35»Organic Reactions", Vol, I, Roger Adams, Editor-in-
Chief, John Wiley and Sons, New York, 19ll-2, p. 28ii.. 
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triphenylmethyl chloride was dissolved in anhydrous ether 
and added to the sodium amalgam in a 2^0 milliliter three-
necked flask equipped with a reflux condenser and a Tru-bore 
stirrer. After about two hours of stirring, the character­
istic deep red color of the triphenylmethide ion developed. 
The stirring was continued for about five hours longer, at 
which time the solution was allowed to settle overni^t* 
Tri-p-nltrophenylmethane was prepared by the nitration 
of triphenylmethaneEastman White Label triphenylmethane 
was recrystallized from absolute ethanol, dried and powdered 
in a mortar. The nitric acid - sulfuric acid mixture was 
placed in a two-necked liter flask equipped with a Tru-bore 
stirrer and cooled in an ice-salt bath. The triphenylmethan© 
was added slowly in portions keeping the temperature as low 
as possible. The reaction mixture was allowed to stir at 
ice-bath temperature for two hours. The temperature was 
allowed to rise slowly to room temperature, at which time 
the mixture v/as poured onto cracked ice and the yellow pre­
cipitate was collected on a Buchner funnel. 
The precipitate v/as boiled with 75 percent acetic acid 
until the remaining precipitate v/as reduced to a yellow-green 
fluorescent crystalline material. The crude tri-£-nitrophenyl-
methane was recrystallized with a minimum of chloroform to 
Shoesmith, C, Sosson, and A, Hetherington, J, Chem, 
Soc,. 2227 (1927). 
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which enough anhydrous ether was added to clarify the solu­
tion. The solution was cooled in an ice bath for two hours, 
and the crystals collected on a filter and dried. The pure 
material, m.p. 213*5°» was obtained in a if2.6 percent yield. 
Sodium tri-p-'nitrophenylmethide was prepared by reacting 
an equivalent amount of sodium hydroxide with a pyridine solu­
tion of the nitrated hydrocarbon. The solid salt was obtained 
by evaporation of the pyridine solution. 
The solvents, for the most part, were purified by frac­
tionation in a Heli-pak column which was tentatively rated at 
more than one-hundred theoretical plates. In each case, only 
the constant boiling fraction was collected. When possible, 
as in the case of benzene, the purified solvent was stored 
over sodium chips. 
The Kinetics of the Reaction 
In order to establish that the reaction under study was 
tmly bimolecular in nature, the kinetics of the reaction of 
y-bromobutyronitrile with sodium ethoxide in ethanol were 
studied. Approximately ij-.S grams of sodium metal were weighed 
and reacted with ethanol which had been previously dried by re­
action v/ith magnesium turnings and distilled from the magnesium 
ethoxide. The sodium ethoxide solution was then diluted to 500 
milliliters and the solution was brought to 2i}.° in a constant 
30 
temperature bath. 
The kinetic run was made by placing a weighed sample of 
approximately 0,1 mole of •jr-bromobutyronitril© in a 250 mil­
liliter volumetric flask, rapidly adding sodium ethoxide solu­
tion, and diluting the solution to the mark. A point, arbi­
trarily designated as zero time, was taken immediately after 
the solution was shaken thorou^ily by pipetting a 10 milli­
liter aliquot from the reaction mixture and titrating for 
free base with standard acid. Further points were determined 
by titration of aliquots every thirty minutes over a period 
of seven hours, at which time the reaction was approximately 
50 percent complete. The data of a typical run are listed in 
Table III and the second order dependence is shown in Figure 
III. 
Since almost equimolar quantities of substrate and base 
were used in this study, the integrated rate expression re­
duces to equation (1), where x is the molar concentration of 
reactant remaining at any time t, x° is the initial concentra­
tion of reactant, and k2 the second order rate constant, 
Kgt s 1 _ 1_ (1) 
X Xq 
A plot of time in hours versus x"^ gave the rate constant 
kg = 0.33i liter mole**^ hour"^. 
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Table III 
Kinetic data for reaction of equimolar 
zr-broraobutyronitrile and sodium 
ethoxide in ethanol at 2ij.® 
Time Acid titer Molar concentration 
in hours in ml. sodium ethoxid© 
0 19.15 o.ii-38 
0.5 17.90 0.1^-09 
1.0 16.70 0.382 
1.5 15.55 0.358 
2.0 iii-.70 0.338 
2.5 llf.OO 0.320 
3.0 13.30 0.30ii. 
i|..0 12.30 0.282 
if .5 11.95 0.273 
7.12 9.80 0.22i^ 
Pig\ire III, TT-Broraobutyronitrlle with sodium methoxide 
in methanol @ 
Ordinate - x"^ in liter mole""^. 







The chemical method 
An extensive preliminary Investigation was conducted In 
order to find a reliable analytical procedure for the deter­
mination of product distribution in the reaction mixture, A 
n 
refinement of the procedure outlined by Siggia"^' was used, 
since crotononitrile is a conjugated olefin and is brominated 
with difficulty, 
Slggia's brominatlon procedure utilizes a mercuric sul­
fate catalyst and uses potassium bromate as an analytical 
source of bromine. It was foxind that in order to obtain con­
sistent results, a very rigid technique must be developed. 
The order of addition of reagents and the concentration of 
reagents were extremely critical in this system. For example, 
if the olefin was added before the catalyst had been complexed 
with free bromine, little or no brominatlon occurred, 
A procedure which gave consistent and accurate results 
to within one percent error, if followed rigorously, consisted 
in placing an estimated one hundred percent excess of potas-
sltim bromate solution in an iodine flask and evacuating the 
37s. Siggia, "Quantitative Organic Analysis via Pianc-
tional Groups", John Wiley and Sons, New York, 19^9* P* 3^« 
' 3k -
flask with, an aspirator, A slight excess of 1|.K sulfuric acid 
was then sucked into the flask and time was allowed for com­
plete liberation of the bromine. Pour milliliters of a 0,2N 
mercuric sulfate solution in iiJJ sulfuric acid was then added, 
followed by enough water to wash in all of the catalyst solu­
tion. 
The flask was shaken, the sample to be analyzed was then 
added and w^ashed in with distilled water. The flask was 
again shaken for at least fifteen minutes. A freshly pre­
pared solution of potassium iodide was then added and the 
flask again vigorously shaken. No careful control of the 
amount of potassium iodide was made, but car© was taken to 
add an excess. The salt was also tested to insure that no 
potassium iodate impurity was present before being used to 
destroy excess bromine. 
The vacuum v/as then released frcxn the iodine flask, and 
a small piece of dry ice, about one-half gram, was added and 
the apparatus was rinsed with distilled water. The liberated 
iodine was finally titrated with standard sodivun thiosulfat© 
solution to a starch-iodine endpoint. It was observed that 
a starch solution not stabilized with a mercuric salt would, 
upon standing, give a poor endpoint. 
It was possible by this procedure to differentiate be­
tween allyl cyanide and crotononitrile, Allyl cyanide bro-
minated readily at ice bath temperature, while crotononitrile 
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was unaffected. It was hoped, at one time, that a complete 
analysis could be effected by bromlnatlon of a mixture of 
allyl cyanide, crotononitrile, and cyclopropyl cyanide at 
different temperatures. Cyclopropyl cyanide would not react 
with bromine at room temperature, but a solution would take 
up bromine at elevated temperatures when acetic acid was used 
to give a homogeneous solution. It evolved, however, that 
even in a dark flask, mercuric sulfate catalyzed a reaction 
with acetic acid, since very little reaction occurred with 
no acetic acid present. 
The extreme catalytic ability of mercuric sulfate proved 
to limit the usefulness of this procedure drastically. It 
was found that alcohols and ethers reacted sufficiently to 
forbid Its use when alkoxides were used as bases in the com­
petitive elimination and displacement reactions. 
Efforts were then directed towards finding a method of 
changing solvents after tJie reaction was run. A series of 
azeotropic dlatillations was devised, but it was quickly 
ascertained that a mixture of cyclopropyl cyanide and crotono­
nitrile decomposed materially even when the solvent was re­
moved at low temperatures. It was for this reason that the 
method was abandoned in favor of an infra-red analysis. 
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The Infra-red analysis 
Originally an attempt was made to use a Model B, Baird 
infra~red recording spectrophotometer in order to analyze 
reaction mixtures. However, when it was discovered that a 
change of solvent was impractical, little hope was held for 
any success along this line, since the solvents to be used 
in the elimination study were not ideally suited for infra­
red work. 
The availability of a Model 112 Ferkin-Elmer recording 
spectrophotometer changed this picture since it was dis­
covered that the nitrile bands of crotononitrile and cyclo-
propyl cyanide, which occur between microns, were 
sufficiently resolved to enable an analysis of a mixture 
when calcium fluoride optics were used. The background of 
several potential solvents were such that the method seemed 
feasible even though it would require matching the vinknown 
solution with carefully prepared known mixtures because of 
an overlap of the two partially unresolved bands. 
The method was never utilized, however, because of the 
discovery of several bands which obeyed the Beer-Lambert Law, 
and which could be resolved from interferring solvent bands 
on the Model 13, Perkin-Elmer direct ratio infra-red spectro­
photometer using 30di\Jin chloride optics and 0.1 millimeter 
matched cells. 
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The bands utilized in each of the solvents are sTxmmar-
ized in Table IV. Calibration lines were constructed from 
curves obtained from five standard solutions for each solvent. 
In the case of benzene, standard solutions were run with IM 
alcohol present in the standard solution and in the reference 
cells since the alcohols had interferring bands close to the 
analy t i cal bands, 
Selected examples of the calibration lines obtained are 
presented in Figur-es IV and V and the infra-red spectra of 
cyclopropyl cyanide and allyl cyanide are presented in Figures 
VI and VII. 
The Beer-Lambert lines were constructed by a procedure 
which differed somewhat from the conventional manner. First, 
a point on the spectrum was chosen so that all of the partic­
ular series, including the unknown mixture, could be shifted 
on the graph to the same relative position. This point, 
designated as a reference point, was chosen at a wave length 
at which the sample and the reference beam were of equal in­
tensity, so that the initial light intensity, Iq, was at a 
maximum* In other words, the curve at this point should 
have Indicated one-hundred percent transmission, but for some 
reason usually did not. The highest transmission at this 
point in the series of spectra was arbitrarily chosen as a 
standard, and the difference in transmission of the remaining 
spectra was then applied as an additive correction for the 
Iq and I values read from these spectra. 
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Table IV 
Infra-red absorption bands® used for analysis of 
crotononitrlle and cyclopropyl cyanide 
Solvent Crotononitrlle Cyclopropyl 
cyanide 
benzene IO.5I1- 9.14-,^ 9.6, 10.76 
nitrobenzene 10.$k 9.6, 10.76 
benzonitrile 6.1, IO.5I4- 10.76 
n-butanol 6,1 10.76 
sec-butanol 6,1 9.6,^ 10.76 
^-butanol 6,1 10.76 
dimethylformamide 10.Sk 10.76 
^All wave lengths are given in microns, 
^Apparent extinction coefficient was very low. 
Figure IV. Calibration lines, 
A. Crotononitrile in benzonitrile, 10,5i{-^ band. 
" B. Crotononitrile in benzonitrile, 6.1^band. 
C. •y"^'ip®^'idylbutyronitrile in benzene. 
Ordinate - Iq (log scale). 
F" 
Abscissa - molar concentration. 
Figure V, Cyclopropyl cyanide calibration lines. 
A. 10.76>^band in benzonitrile. 
B. 9*6^band in nitrobenzene. 
C .  9 b a n d  i n  b e n z e n e .  
Ordinate - (log scale). 
I 





o.« a.2 J.O 
Figure VI. Allyl cyanide. Cell length: 0.1 aim. 
Note the strong band between 10 and 11 microns where 
both crotononitrile and cyclopropyl cyanide absorb. 
Figure VII. Cyclopropyl cyanide. Cell length: 0.1 mm. 
The broad band between 9*2 and 9*6 microns resolves into 
two bands, and 9*6^. 
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Then, two stable points on either side of the band to be 
analyzed were chosen in order to define a base line. These 
points were chosen with particular reference to the spectrum 
of the unknown mixture. The wave length of maximum absorp­
tion in the band under question was then determined. The in­
tensity I, was determined by adding the correction to the 
transmission observed at this point. was determined simi­
larly by adding the correction to the transmission at this 
wave length on the base line. The ratio Iq was calculated, 
l" 
and log Iq plotted against the molar concentration of the 
r" 
standard solutions. Excellent linear plots were obtained in 
every ease. The method is illustrated in Figures VIII, IX, 
and X. 
It should be pointed out that a molar extinction coef­
ficient obtained by this method would not have the same value 
as one obtained in the conventional manner. For this reason, 
the extinction coefficient v/as not used as a measure of the 
sensitivity of the band to changes in concentration. 
The competition reactions 
The competitive reactions were run under as nearly 
equivalent conditions as the nature of the reactants would 
allow, A standard procedure was set up since the method was 
Figure VIII. Crotononitrile and cyclopropyl cyanide mixtux'e in n-butanol. 
The mjimbers are counter markinj^s and should not be confused with v/ave 
lengths. The sharp band on the right is at 6.1^, the band marked at 
right center is at 9*6^, and the one at left center is at 10.76^. 
The zero point is marked at 9*5 counter reading. Both components are 
ca. 0.9M in this solution. 

Figure IX. Cyclopropyl cyanide 
and crotononitrile in benzene. 
Compare the intensities of these 
bands with those in Figure X. 
Cyclopropyl cyanide is 0,562 M 
and crotononitrile is 0.I803 M. 
Figure X. Cyclopropyl cyanide 
and crotononitrile. 
The analytical bands are marked. 
Reading from left to right, they 
are 10.76, 10,3'ii., and 9.^1-
microns. Cyclopropyl cyanide is 
0.14.22 M and crotononitrile is 
0.180 M. 
1+7 
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such that variations in procedure could have led to discrepan­
cies in the results. 
When an alcohol vms used as solvent, 1.10 grams of po­
tassium metal was weighed as accurately as possible under 
mineral oil on a triple beam balance and added to a 50 milli­
liter three-necked, pear-shaped flask containing 1? lailli-
liters of the alcohol. The flask was previously dried thor­
oughly in an oven at 110° and the system flushed with a 
stream of dry nitrogen connected through a drying tube to 
the flask. A reflux condenser containing another drying tube 
which was used as an outlet, and a small Tru-bore stirrer 
completed the apparatus. A variac controlled oil bath was 
placed Tonder the flask, so that the formation of the alkoxide 
could be assisted by higher temperatures, tthen solution of 
the potassium metal was complete, enough of the halonitril© 
was added to the alkoxide solution to give an approximately 
one molar solution when the total voliame after reaction was 
25 milliliters. The reaction mixture was then stirred at 
room temperature until the reaction was complete. In the 
caae of Tr-bromobutyronitrile the reaction mixture was allowed 
to stand approximately twelve hours, while in the caae of 
•jf-chlorobutyronitrile the reaction mixture was allowed to 
stand an average of three days. 
The potassium halide was then filtered off by very gentle 
suction, and the flask was rinsed and the precipitate was 
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washed carefully with small portions of enough fresh solvent 
to dilute the reaction mixture to 25 milliliters. The infra­
red analysis was then carried out as previously described. 
The extent of total reaction was determined by dilution of 
the potassixim halide to 250 milliliters to give an approxi­
mately O.IN solution, followed by titration of an aliquot by 
the Volhard method for halide ion, 
When benzene was used as solvent, 3*00 grams of alcohol 
were weighed out on a triple beam balance and reacted with 
the potassium metal. Benzene was added from time to time in 
order to keep a homogeneous solution. When all of the po­
tassium had reacted, the solution was diluted to approximately 
18 milliliters with benzene, and treated as described pre­
viously. In the remainder of the cases, just enough benzene 
was added in order to obtain a complete reaction with the po-
tassiiim. The benzene was then completely removed under 
vacuum. The system was thoroughly flushed with nitrogen, 
and the solvent was added. 
Since benzonitrile and dimethylformamide reacted slowly 
with the alkoxides, the halobutyronitrile was added immedi­
ately In order to minimize this reaction. The reactivity of 
nitrobenzene was too great to allow its use when an alkoxide 
was to be used as the base. For this reason, it could be 
used only in the case of the weak base, piperidine. Even 
though dimethylformamide could be used as a solvent with 
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•y-bromotoutyronitrile, its use was discontinued when it was 
discovered that even a potassivim bromide saturated solution 
would etch the infra-red cells. The use of methanol and 
ethanol as solvents was prohibited for the saaie reason. 
The dielectric constants of the pure solvents employed 
are listed in Table V. It should be pointed out that these 
values were not the exact dielectric strengths of the medixun, 
particularly near the end of the reaction. The various alco­
hols were regenerated during the reaction, either raising or 
lowering the dielectric strength of the medium depending upon 
its initial value. Similarly, the ambient ionic strengths 
varied as the reactions progressed. 
The data for the competitive elimination reactions are 
listed in Tables VI and VII, "r-Chlorobutyronitrlle was used 
in the runs followed by the letter C while T-broraobutyronl-
trile was used in the remainder of the runs. The product 
distributions listed in Table VII have been corrected for In­
complete reaction of the substrate. In the cases where no 
indication of a product was found upon examination of the 
infra-red spectrum the yield of this compound has been listed 
as zero, even though the stoichiometry of the reaction may 
have been poor, 
Allyl cyanide was never observed to be present in any of 
the product mixtures, which simplified the infra-red analysis 
considerably as Fij^jure VI clearly shows. In order to deter­
mine how rapidly and how thoroughly allyl cyanide was 
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Table V 






benzene 2.28 20 a 
^-butyl alcohol 114 19 b 
sec-butyl alcohol 15.8 25 a 
n-butyl alcohol 17.1 25 a 
benzonitrile 25.2 25 a 
dimethylforraamide 37.65 20 c 
nitrobenzene 3i^.8 25 a 
^National Bureau of Standards Circular 
^International Critical Tables, 
®G. R. Leader, and J. P. Gomxley, J. Am, Clxem. Soc.. 
2i, 5731 (1951). 
Table VI 
Variation in conditions of the reaction between r-halobutyronitrile and base 
Run Molar Base Solvent Approximate 
concentration temperature 
substrate ®C 
7 1.003 piperidine benzene 25 
11 1.993 piperidine nitrobenzene 25 
30 1.000 potassium n-butoxide benzene 6o 
31-C 1.000 potass i\jm n-but oxide benzene 6o 
19 1.000 potassium n-butoxide n-butanol 25 
27-C 0.998 potassium n-butoxide n-but anol 25 
2k 0.999 potassium n-butoxide benzonitrile 6o 
28-C 0.999 potassium n-butoxide benzonitrile 60 
22 1.001 potassium sec-butoxide benzene 6o 
18 0.999 potassium sec-buto^ide sec-butanol 25 
26-C 0.999 potassium sec-butoxide sec-butanol 25 
20 0.992 potassium sec-butoxide benzonitrile 6o 
29-C 0.993 potassium sec-butoxide benzonitrile 6o 
Table VI (Continued) 
Run Molar Base Solvent Approximate 
concentration temperature 
substrate °C 
23 0.999 potassium see-butoxide dimethylformamide 60 
12 1.003 potassium sec-octoxide benzene 60 
10 1,001 potassium ^ -butoxide benzene 60 
32-C 0,960 potassium _t-butoxide benzene 60 
16 0,990 potassium Jb-butoxide ^-butanol 25 
25-C 0,992 potassium t-butoxide t-butanol 25 
Table VII 









7 96.0 98.0 0 0 
11 9it-.o 90.0 0 0 
30 97.7 0 c ,d c ,d 
31-C 83.2 0 c,d c,d 
19 96.0 0 7k 15 
27-C 82.2 0 29 53 
2k 97.5 0 74 27 
28-C 7k *0 0 0 kS 
®The runs followed by the letter C contained r-chlorobutyronitrile while the 
remainder contained r-bromobutyronitrile. 
'^The percentages reported here have been corrected for incomplete reaction. 
®These runs could not be analyzed quantitatively* 
^Refer to the discussion section for the qualitative analysis of these runs. 









22 98.0 0 63 67 
18 97*2 0 k3 it.8 
26-C 89.2 0 ko 81 
20 93*7 0 k-9 
29-c 56 .li- 0 07 6i^. 
23 83.8 d,e d,e d,e 
12 99.0 0 0 100 
10 93.0 0 0 91 
32-C 8i}..6 0 0 100 
l6 98.0 0 0 9kr 
25-c 95.8 0 0 87 
*^Refer to the discussion section for the qualitative analysis of these runs. 
®The use of dimethylfontiamide was discontinued before a quantitative analysis 
was obtained. 
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tautoraerlzed by base, a standard solution of allyl cyanide in 
sec-butanol was prepared and allowed to stand for twelve 
hours in the presence of a small amount of potassium sec-
butoxide. An infra-red analysis showed that the solute had 
completely isomerized to crotononitrile. For this reason, a 
slight excess of base was employed in each case, and no 
analysis for allyl cyanide was made. 
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DISCUSSION 
The data presented in Tables VI and VII summarize the 
effect of base strength and solvent upon the product distri­
bution for both the bromo- and the chloronitrile. The data 
are arranged in the order of increasing base strength. Per 
each base, the solvents have been listed in the order of in­
creasing dielectric strength. 
The first general observation that should be made in 
reference to Table VII, is the absence of any substitution 
product when a strong base was used in the reaction. On the 
other hand, r-piperidylbutyronitrile was the only product 
observed when the relatively weak base, piperidine, was em­
ployed. This is surprising in view of the fact that 
22 Bruylants reported that only allyl cyanide was produced 
when pyridine or quinoline was reacted with ^ -chlorobutyro-
nitrile at steam bath temperature. It should be remembered, 
however, that the band utilized in the analysis of these runs 
was very near that of crotononitrile, which could have been 
present in too small a concentration to be detected. The 
difference in temperature could easily account for a smaller 
difference in products, but the absence of olefin must be 
attributed to other causes. The difference between bromine 
and chlorine as a leaving group does not provide a ready ex­
planation, since again the observed product difference is too 
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great. A possible explanation may arise from the fact that 
allyl cyanide could easily have been produced from an inter­
mediately formed quartenary ammonitim salt* 
The results observed in this work are much easier to 
explain than that of Bruylants. Since piperidine or pyridine 
and quinoline are nitrogen bases, the nucleophilicity of the 
raolecule outweighs its basicity,* and a much greater tendency 
for the displacement reaction should be observed. 
Considering now the remainder of the runs listed in 
Tables VI and VII, in which an alkoxide was used as base, it 
is seen that in no case was any displacement product observed. 
These observations are completely in accord with the above 
reasoning, since in these cases the basicity of the attacking 
species is by far the controlling factor. 
In fact, these bases all fall in the category of very 
strong bases by conventional standards, since even the weakest 
base employed is considerably stronger than hydroxide ion, A 
differentiation in base strength can be made, however, since 
it is well known that the base strength of an alkoxide in­
creases as the number of alkyl substituents on the alpha car­
bon atom is increased. Furthermore, increasing the chain 
*A distinction between nucleophilicity and basicity has 
been made here on the basis that even though the two terms 
are not entirely separable, the basicity measures the ability 
to abstract a hydrogen from carbon, while the nucleophilicity 
is also a function of the polarizability of the atom or mole­
cule. 
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length of the substituent group also increases the base 
strength of the alkoxlde. 
Comparing only the runs in which y-bromobutyronitrlle 
was used as the substrate, it is seen that in any given sol­
vent, the product distribution changed from predominantly 
olefin to the complete formation of cyclopropyl cyanide as 
the base is varied through the series, n-butoxide, sec-
butoxide, ^ -butoxide. Even in the cases where the stoichio-
raetry is poor, the trend is well pronounced. 
When the distribution of products is compared in the 
runs with a constant base and varied solvent, the differences 
are much smaller. In some cases where the stoichiometry is 
poor, it is difficult to interpret the results. On the 
whole, however, a definite trend is noted which favored 
olefin formation as the dielectric constant of the solvent 
was Increased, The trend is more pronounced with n-butoxide 
than with sec-butoxide, and of course is nonexistent in the 
case of ^ -butoxide. This latter fact alone shows that the 
transition states are more sensitive to the base than to the 
solvent, I'hus one is led to believe that the transition 
state which leads to cyclization is quite similar to that 
which leads to 1,2-elimination, 
If dimethylfonnamide could have been used as a solvent, 
the trends could have been more significant, since it ap­
peared qualitatively that the ratio of products was definitely 
- 60 -
in favor of 1,2-eliinination. A band also appeared in the 
region where the substitution product should have absorbed, 
but it was not ascertained whether any substitution had taken 
place. The fact that potassium ^ -butoxide was insoluble in 
benzonitrile, and also reacted with it quite rapidly also re­
stricts a complete comparison of the solvent effect with the 
strongest base, 
A comparison of the product distribution when Tf-bromo-
butyronitrile was used with the results from the tf-chloro-
butyronitrile runs clearly shows that 1,3-61imination is 
favored in the latter case. The effect is quite striking in 
every case, even with the runs in benzene which could not be 
analyzed quantitatively, Riin 31-C, containing r-chloro-
butyronitrile, was only 83*2 percent complete while run 30* 
the corresponding reaction with y-bromobutyronitrile, was 
97•? percent complete. Even so, the amount of cyclopropyl 
cyanide fomation was about the same, while considerably 
more crotononitrile was present in run 30. Thus when these 
results are corrected for incomplete reaction, it is seen 
that 1,3-elimination is definitely favored. 
It should be noted that the extent of reaction in the 
chloronitrile runs was invariably smaller than the corres­
ponding bromonitrile runs except when potassium ^ -butoxid® 
was used* This could arise from one or more of several pos­
sible cauees. The differences in rate, which will be dis­
cussed below, could have been the cause. In the case of the 
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benzonitrile runs, reaction of the base with the solvent was 
undoubtedly a factor, since what appeared to be an organic 
precipitate was isolated along with the potassium chloride. 
The slower rate of reaction of the chloronitrile could also 
have allowed more air oxidation of the primary or secondary 
alkoxide, since these substances were quite sensitive to 
oxygen. 
The rates of the reaction differed considerably depending 
on whether r-broraobutyronitrile or r-chlorobutyronitrile was 
used as the substrate. The bromonitrile reacted quite vigor­
ously at 60®, and had to be added cautiously vdien an elevated 
temperature was employed in order to obtain a homogeneous re­
action. The chloronitrile, on the other hand, could be added 
under these conditions with no turbidity arising for several 
minutes. As has been stated above, the incomplete reaction 
of the substrate with the base no doubt can be largely attrib­
uted to the unreactivity of the chloronitrile. 
Rate differences were also noted with the various bases 
and also with the various solvents employed. Potassium n-
butoxide in benzene reacted quite rapidly with r-bromobutyro-
nitrile while the same base in benzonitrile reacted quite 
slowly in comparison. It is therefore not surprising that 
only a 7^- yield was obtained when potassixim n-butoxide in 
benzonitrile was reacted with the chloronitrile for four days. 
Since the check on the kinetic order of the reaction gave 
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satisfactory evidence that the reaction is bimolecular, there 
are three mechanisms for 1,3-ellralnation that should be seri­
ously considered. The first one involves a rate-determining 
abstraction of hydrogen 





CH2~ CH2-CN +X" 
from the substrate, followed by a rapid elimination of halo­
gen by the anion* This process seems logical since anion 
formation would be favored by the electrophilic cyano group, 
and the anion, if formed, would be stabilized by resonance. 
[XCHgCHgCHCNj <—> [xCHgCHgCH = C = S] 
Furthermore, the mechanism would fit second order kinetics, 
since both the base and the substrate are involved in the 
rate-determining step. It is not in agreement with the 
qualitative observations of the relative rates, however. 
The fact that r-bromobutyronitrile reacted considerably 
faster than the chloronitrile is sufficient evidence to dis­
card this process as the mechanism. 
A second mechanism to be considered involves the same 
steps as in the above case with the second step rate-determin-
ing. 
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XCH2CH2CH2CN t B" XCH2CH2CHCN -h BH 





This mechanism also would follow second order kinetics since 
the rate law would be of the form 
= kgK fAH] [B'J 
where A is the anion, B" is the base, k2 the rate constant, 
and K is the equilibrium constant for formation of the anion. 
The distribution of products would also be affected by the 
strength of the base, since the magnitude of the equilibrium 
constant would be expected to change with base strength. 
Since 1,2-elimination reactions have been shown to be con­
certed, a shift in the equilibrium to the right would result 
in a larger cyclopropyl cyanide yield because of a concen­
tration factor. 
The optimum conditions for 1,3-eliniination reactions 
were found to be high base strength and low dielectric con­
stant of the solvent. Since the transition state in this 
mechanism would involve a distribution of a full negative 
charge over three atoms, the reaction rate should increase 
slightly with a decrease in the dielectric strength of the 
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solvent. At the same time a lower dielectric raediiim could 
lower the ionization constant somewhat, thereby reducing the 
observed rate constant, kgK. Whether or not the solvent 
effect on the ionization would be of sufficient magnitude 
to counteract the effect of the charge distribution in the 
transition state appears to be a moot question on the basis 
of the data at hand. Therefore this two step process cannot 
be discarded at this time and should be considered as a con­
ceivable mechanism, 
A third possibility which arises is a concerted mechanism 
analogous to the established mechanism for 1,2-eliminatlon, 
in which both the hydrogen and the halogen atoms are removed 
s imult ane ous1y. 
XCHgCH^CHgCN -h B' 
CEo 




CHg-CHg-CH + BH t X* 
The kinetics for this mechanism are obviously second order, 
and the rates of the bromo- and chloronitrile should differ 
as in the 1,2-ellmination case. 
The transition state in this mechanism might well have 
more charge distribution than the last case, which should in­
crease the rate and favor cyclization with lower dielectric 
media. Since this picture is not complicated by any possible 
side effects as the previous mechanism may or may not be. 
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this process also offers a possible mechanism. 
It is apparent that further data must be obtained in 
order to eliminate one of the two previous mechanisms. 
Since further kinetic data would not differentiate between 
the two processes, a device such as deuterixjun exchange must 
be resorted to. This would in effect be repeating the ex­
periment of Skell and Hauser'i^ on this system. A stereochemi­
cal approach was undertaken in this work, but since it was 
not carried to a successful conclusion, no details are pre­
sented here. Therefore, as far as this thesis is concerned, 
both mechanisms must be considered, 
A question arises as to the desirability of differentiat­
ing between an ionic process and a concerted one in an inert 
solvent like benzene. Surely in such a solvent, there are 
very few, if any, free ions in solution. One might expect 
that the ion-pairs which are present in such a solution would 
give rise to a somewhat concerted process, thus degenerating 
the ionic mechanism to the concerted one. 
Even if this is the case, it is possible to differentiate 
between the two possible proposed mechanisms. Two transition 
states would exist in the first case, with the second one 
being rate-determining, while the latter mechanism has only 
a single free energy maximum. The only essential difference 
between a truly ionic process and one involving ion-pairs 
would be the inclusion of the metal ions in all of the 
- 66 -
transition states. 
Before any possible mechanism for l,3~eliminatlon can 
be accepted, it must be consistent with the accumulated evi­
dence for the competitive 1,2-elimination and a possible com­
petitive displacement reaction. Such a picture can now be 
constructed on the basis of the accumulated evidence. Since 
a displacement reaction in competition with the elimination 
reactions was found to be unimportant in this system when a 
strong base was employed, it will be sufficient to discuss 
only the competitive elimination reactions. 
Three factors were observed to affect the competition 
between 1,2- and 1,3-elimination reactions. Since it has 
been demonstrated that 1,2-elimination reactions derive a 
large part of their driving force from the departure of the 
leaving group, the new carbon-carbon bond is no doubt fairly 
well made, and the old bonds fairly well broken in the tran­
sition state. In other words, the transition state In this 
process resembles neither products nor reactants. The dis­
tribution of charge thus favors the reaction in low dielec­
tric media as in the 1,3"elimination case. The results of 
this investigation show that the charge is more dispersed in 
the 1,3** case than in the 1,2-elimination, since the ratio 
of cyclopropyl cyanide to crotononitrile increased as the di­
electric constant of the solvent was decreased. 
It therefore seems clear in the 1,3"elimination that the 
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negative charge must be distributed over the cyano group as 
well as the remainder of the molecule, as it is for 1,2-
elimination. Whether or not an ionic, two-step mechanism or 
a concerted one is involved is still a mute question at this 
time. 
The strength of the attacking base was foxind to be an 
important factor in the competing elimination reactions. 
The fact that a stronger base is required for the cyclization 
process may be evidence in favor of the concerted process* 
A greater basic strength would be required to overcome the 
greater distance over which the halogen must exert its in­
fluence in a 1,3~ process. Since the cyano group would make 
the alpha hydrogens quite acidic, it does not seem necessary 
to require the stronger base to form an anion. But again, 
it is difficult to assess the relative magnitudes of the 
driving force in 1,2-elimination with that of anion formation. 
The observed differences in the rates of the reaction 
and a distinct change In the product distribution when chlo­
rine is substituted for bromine in the halonitrlle leads to 
a significant conclusion. The fact that the rate of the re­
action was greater when Tr-bromobutyronltrile was the substrate 
than when the chloronitrile was employed signified that the 
substitution of bromine for chlorine decreased the free energy 
of activation of both processes. The added fact that the ratio 
of crotononltrile to cyclopropyl cyanide increased at the same 
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time signifies that the free energy change was greater for 
the 1,2-elimination process than the corresponding free energy 
change for the 1,3-eliniination, This in turn Indicates that 
the driving force of the 1,2-elimination reaction is enlianced 
significantly by the increased polarizability of bromine over 
that of chlorine, since the relative ground state energies of 
both reactants and products are probably similar enough to 
cancel in the comparison. This is entirely reasonable sine® 
the stretching of the carbon-halogen bond is the source of 
some of the driving force of 1,2-eliminations, 
In the case of the 1,3-elimination it is also reasonable 
that the transition state should be less sensitive to the 
leaving group. In the first place the cyano group must ab­
sorb some of the negative charge regardless of whether an 
anion is formed or the re?-ction is concerted. Also the 
strain Involved in forming a three membered ring must place 
the departing halogen at a significantly greater distance 
from the site of the attacking negative center. Thus the 
increased polarizability is not acting to full advantage in 




The competitive 1,2- and 1,3-6liniinations have been 
studied, "y-Brorao- and -jr-chlorobutyronitrile were reacted 
with a aeries of alkoxides in solvents of varied dielectric 
constant. 
It was found that 1,3-61IrainatIon is favored by high 
basic strength of the attacking species and a low dielectric 
constant of the solvent, T-Bromobutyronitrile reacted at a 
greater rate than the -jr-chloronitrile, but T-chlorobutyro-
nitrile produced a larger proportion of cyclopropyl cyanida. 
A weakly basic nucleophile was foxind to give only substitu­
tion when reacted with the bromonitrile« 
The combined rate and product distribution data have 
been interpreted as evidence that bromine promotes 1,2-elimi-
nation to a greater extent than it does the l,3~®lii«lnation. 
The fact that the reaction rate with a given base increased 
when the dielectric constant of the solvent was decreased is 
an Indication that the charge distribution of the l,3"0llraina-
tion transition state is greater than in the 1,2- case. 
These facts are consistent with two mechanisms, one of 
which is a coiapletely concerted process. The second mecha­
nism Involves prior anion formation, followed by a rate-
determining displacement of halogen. The two mechanisms can­
not be distinguished on the basis of the present data. 
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II. PACTOliS WHICH INFLUEKCE THE 
lONIZATIOK OP CARBOXYLIC ACIDS 
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INTRODUCTION 
Many investigations have been conducted in order to 
elucidate the acid strengths of organic acids. These inves­
tigations have been the basis of a large part of the present 
knowledge of relation of structure to reactivity in organic 
chemistry• 
Several attempts have been made to calculate ionization 
constants of organic acids on the basis of relatively simple 
models. None of these calculations were successful until it 
was discovered that the solvent played a more important role 
in determining the acid strength than had been previously 
realized. 
The emphasis in the majority of previous studies on 
steric hindrance and free energy relationships has been on 
the structure of the acid, and not on the medium in which it 
is dissolved. 
It was, therefore, the purpose of this thesis to demon­
strate that the ionization constants of sterically hindered 
aliphatic acids could be adequately explained on the basis 
of steric hindrance to solvation of the acid anions, and to 
demonstrate the dependence of linear free energy relationships 
on the solvation of benzoic acids. 
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HISTORICAL REVIEW 
Qualitative Attempts to Correlate Acid Strengths 
It has long been recognized that several factors are in­
volved in the ionization of organic acids and bases. As 
early as 1894-, Meyer^® noted that the strengths of ortho 
substituted benzoic acids depended not so much on the chemi­
cal characteristics of the substituent as it did on the size 
of the group. This idea was further developed by Flursohe 
who assumed that steric hindrance would operate only in the 
reverse process of the equilibrium 
rcoohi-hgo rcoo" + 
His argument recast in modern terms implies that the anion is 
thermodynamically more stable than the undissociated acid be­
cause of a repulsion of the proton by the ortho substituents, 
Ingold^® has since pointed out that this argument is not valid 
because of two reasons. First, when an atom becomes nega­
tively charged it undergoes an increase in size, and secondly, 
Meyer, Ber..27. l580 (l89il-)j ibid. 28, 12514- (1895). 
39b. Plurscheim, J. Chem. Soc.. 725 (1909). 
^Oc. K. Ingold, "structure and Mechanism in Organic 
Chemistry", Cornell University Press, Ithaca, New York, 1953, 
pp. 
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an Ionic group is much stronger solvated than a neutral 
group. 
stltuted benzoic acids and came to the same general conclu­
sion as Plurscheim, He recognized that the bulk of the 
ortho aubstituent failed to entirely account for the "ortho 
effect". Dippy felt that group interaction occurred, and in 
fact was the major factor to be considered in some cases. 
This view was also held by Bennett and Mosses^^ who 
compared the geometry of the tei-minal methyl group with the 
ortho position of o-toluic acid. They postulated that the 
abnormalities in acid strength had a common origin, and arose 
from hydrogen bonding of the methyl group with the carboxylate 
anion. The effect was considered to be less effective in the 
fatty acid because of the lack of rigidity in that system as 
compared with the aromatic system. 
stants of isobutyric and diethyl acetic acids are also rela­
tively high, which to him indicated that the same phenomenon 
was operative. Because of the increased extent of branching, 
he was convinced that this was the explanation for the sequence 
P. J. Dippy, Chem. Revs,. 25. l5l (1939); J. P. J, 
Soc,. lij.21 Tl937) * 
^^Bennett and Mosses, ibid, 236i^- (1930), 
Dippy^^ measured the strengths of several ortho sub-
previously had noted that the dissociation con-
- 7k- ' 
of acidities. 
diethylacetic > isovaleric > n-butyric 
which is the converse of the order to be expected from con­
sideration of inductive effects alone, 
A view somewhat reminiscent, but ascribed to steric 
hindrance, has been expressed by Newman and co-workers^^ who 
have formulated an empirical rule of six, which stated that 
the greater the number of atoms in the six position the 
greater will be the steric effect. The six position was de­
fined by numbering the carbonyl oxygen in carboxylic acids ' 
as one and then counting back along the chain. These authors 
showed that substitution of hydrogen atoms in the ^ -position 
by methyl groups decreased the rate of acid-catalyzed ester-
Iflcation to a greater degree than substitution in the «- or 
y- positions. 
Ingold^^ has further discussed the role of steric hin­
drance in benzoic acids and In els isomers of |3-unsaturated 
acids. In the case of the benzoic acids, he has pointed out 
that resonance interaction of the carboxyl function with the 
benzene nucleus weakens the acid. If bulky groups are present 
in the ortho positions, however, the carboxyl group may be 
S. Newman, Am. Chem. Soc 
K, L, Leonlng, A. B, Garrett, and M. S 
3929 (1952). 
2, 1^783 (1950^ 
Newman, ibid. 
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twisted out of the plane of the ring and consequently the 
charge on the carboxyl oxygens is not dispersed by resonance 
interaction, and the acid is strengthened. The same inter­
pretation applies to olefinic acids. The size of the group 
located els to the carboxyl function may twist the carboxyl 
group out of the plane of the trigonal carbon atoms, strength­
ening the acid. 
Branch and Calvin^ treat solvation effects of certain 
carboxylic acids in the following manner. An acid which has 
hydrogens that may be strongly hydrogen bonded with the sol­
vent may lose some of its hydrogen bonding upon ionization, 
since the anion will tend to make these hydrogens less availa­
ble to strong solvation with the solvent. The neutral acid 
is stabilized with respect to the anion, and as a result the 
acid is weakened. When the acidic hydrogens are replaced by 
alkyl groups, less stabilization energy is lost upon ioniza­
tion. Thus the following order of acidities are explained by 
a solvation effect. 
R^NCHgCOOH } RgNCHgCOOH ) RNH2CH2COOH > H^NCHgCOOH 
In a further discussion of the factors contributing to the 
"ortho effect" they present arguments for reversed direction 
^G. Branch and M. Calvin, "The Theory of Organic Chemis­
try", Prentice-Hall, Inc., New York, 19i^l» p. 229 
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of dipoles of ortho substituents, chelation of the ortho 
group with carboxyl fiinction, twisting of groups such as £-
nitro out of the plane of the ring, and repulsion of the 
groups occupying the 1,2- and 1,6-positlons Increasing the 
potential energy of the molecule, 
Brown^-^ has proposed a steric strain theory designated 
as "B-Strain", which he has used to explain the acidity of 
ortho substituted anilinium ions. He argues that when a 
fourth group is added to nitrogen in an ortho substituted 
aniline or a trialkylaraine, the groups already present are 
forced back from essentially a trigonal to a tetrahedral con­
figuration causing steric strain. Thus, even the attack of a 
proton is sxifficient to cause "B-Strain" and consequently 
makes the molecule a weaker acid. 
Pearson,on the other hand, has measured the catalytic 
effect of alkylamines on the ionization of nitroethane and 
has reported that successive replacement of the hydrogen 
atoms in ammonia by alkyl groups led to an increase in the 
relative rates of ionization, A comparison of piperidine and 
quinuclidine with diethylamine and triethyl amine showed that 
the presence of the ring structure in the former amines caused 
C. Brown and A, Cahn, J, Am. Chem. Soc,, 72, 2939 
(1950). 
G, Pearson and P. V, Williams, ibid, 76, 258 
(195I4.). 
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a further increase In rate, Pearson concluded that "F-Strain", 
that is, "Frontal Strain", is operative in decreasing the rate 
of proton removal by the amine. He felt that this effect is 
compensated by an inductive effect which increases the nucleo-
piilllclty of the nitrogen atom. He also suggested that the 
Table VIII 
pK^3 of anilines in various solvents 
Water Ethanol m-Cresol Chlorobenzene 
aniline 9.36 13.8 8.10 - 1.0 
N-methylaniline 9.15 114-.6 7.26 - 1.8 
N,N-diraethyl-
8.99 6.18 - 2.8 aniline 15.1 
ionization constants of tertiary amines in solvents of low 
dielectric are reduced by a decrease in the solvation energy 
in the 'onlum Ion as is shown by Table VIII presented in his 
paper, 
Pearson pointed out that the basicities of the n-butyl-
amines increased regularly in chlorobenzene with alkyl sub­
stitution, whereas the basicity in water solution decreased 
considerably in passing from n-butylamine to dl-n-butylamine 
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and only increased slightly with tri-n-butylamine, The 
basicitiea observed in chlorobenzene agreed with the observa­
tions in his investigation, while the basicities in water 
solution did not agree. It was for this reason that Fearson 
concluded that "B-Strain" was unimportant. 
Stillson and co-workers^^ have reported the abnormal 
behavior of di-ortho-substltuted phenols. They found that 
2,6-dlmethyl-lj.-^-butylphenol was soluble in 10 percent soditxm 
hydroxide solution and 2,i|.-diraethyl-6-Jb-butylphenol was not, 
while 2,i|-,6-tri-1t-butylphenol is even insoluble in a raethan-
olic potassium hydroxide solution. These results are highly 
indicative of the stability of the acid form over the phenox-
ide ion. Undoubtedly the steric requirements of the phenoxide 
ion together with its molecule(s) of solvation entirely pro­
hibit the ionization. 
Goering, Rubin and Newman^® have studied the alkaline 
saponification rates of methyl i|.-x-2,6-dimethylbenzoates in 
dioxane-water solution and have concluded that cleavage 
occurred by an SN2 reaction at the methyl group in the ester 
from consideration of the magnitudes of the entropy term and 
)iQ 
the Hammett rho constant.^' The authors did not exclude the 
H. Stillson, D. W. Sawyer, and C. K. Hxant, ibid, 
303 {l9ij-5). 
L. Goering, T. Rubin, and M. S. Newman, ibid, 76, 
787 (1951+). 
^9l. p. Hammett, "Physical Organic Chemistry", McGraw-
Hill Company, New York, 19i+-0, pp. I86 ffl. 
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possibility that the small rho constant might have been due 
to nonplanarity of the ester fxinction with the benzene nu­
cleus, a factor of no small significance. 
The authors concluded, therefore, that both polar trans­
mission and solvation effects are operating in conjunction 
with the steric factor. They felt that the coplanarity of 
the carboxylate function is not greatly affected by the 
presence of one ortho-substituent but that the presence of 
the second group is sufficient to limit interaction of the 
ring and the carboxyl group. 
It is also interesting to note that these authors 
measured the ionization constants of a number of para-sub-
stituted benzoic acids in 26.5 and percent dioxane-
water solution. By plotting the relative pK^ values for 
these acids against the Hammett sigma constant, rho values of 
1,23 and 1.35 were obtained for the two solutions. A plot 
of rho against the weight percent dioxane in an aqueous mix­
ture yielded a straight line for dioxane concentrations as 
high as percent. 
Bright and Briscoe^ have measured the apparent ioniza­
tion constants of a number of substituted benzoic acids as 
well as aliphatic acids in various ethanol-water and methanol-
L. Bright and H. T. Briscoe, J. Phys. Chem., 37. 
787 (1933). ~ 
• 80 
water mixtures# The measurements were mad© by potentiometrie 
titration using a potentiometer to obtain the titration curve. 
Since it will be of interest to compare the results of this 
work with the data of these authors, a partial compilation of 
their data is Hated in Table IX. 
Table IX 
Acid strengths in methanol-water 
Acid PK. 
voltMo 




in % by 
methanol 
50 70 50 70 
benzoic 5.15 5.72 n-valeric 6.oil- 6.5^1-
propionic 5.% 6.i|.l isovaleric 5.89 6,i4J. 
n-butyric 5.88 6.1}-i n-caproic 5.91 6.14 
isobutyric 6.23 6.70 isocaproic 5.90 6.14-0 
Quantitative Attempts to Correlate Acid Strengths 
Several attempts to correlate acid strengths utilizing 
a relatively simple electrostatic model are recorded In the 
literature. The earliest of these was developed by Bjerrum^^ 
BJerruin, ^  PhysIk. Ghem., 106. 219 (1923) • 
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who asatamed that the molecule consisted of point charges 
embedded in a uniform medium with a dielectric constant equal 
to that of the solvent. He regarded the free energy of 
ionization for a dibasic acid to equal the work necessary 
to remove a proton from a distance, r, to infinity. The 
distance, r, is the normal distance between the undissociated 
proton and the other carboxyl group in the acid. Using clas­
sical electrostatic theory, this leads to the equation 
In _ Ne^ (1) 
~ RTDr 
where is the ratio of the first to the second ioniza­
tion constant, D is the dielectric constant, N is Avogadro's 
nxxBiber, and e is the charge on the proton. Since accurate 
values are not known for r, and since theoretically it may 
vary over a rather wide range depending on whether the mole­
cule is fully extended, partially extended, or fully coiled, 
Bjerrum*s equation was quite often used to calculate this 
distance. It was found that the equation gave quite reason­
able values in the cases where the molecule under considera­
tion was long and thin, but failed miserably when it was 
short and rather thick, 
A treatment rather similar to that of Bjerrum's was 
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developed by Eucken^^ for acids with dipolar substituents, 
and has been discussed by ¥»heland.^^ The treatment, which is 
based on the equilibrixam between chloroacetic acid, acetate 
ion and their conjugate base and acid, respectively yields the 
following equation: 
In Kq Ne^ cose (2) 
K„ RTDr2 
a 
The value e, is again the protonic charge,^ is the magni­
tude of the carbon-chlorine bond moment, and are the 
ionization constants of chloroacetic and acetic acids, re­
spectively, r is the distance between the center of the car­
bon-chlorine bond and the ionizable proton, and © is the 
carbon-carbon-chlorine angle in chloroacetic acid. This 
equation gives imreasonably low values of r unless a small 
value, in the neighborhood of 1 to 5» is used for the di­
electric constant. Smallwood^^ has pointed out that an 
effective dielectric constant of 1 is quite reasonable sine© 
the inductive effect of the carbon-chlorine dipole is trans­
mitted not through the solvent, but through the molecule. 
Eucken, An^ew. Chem.. Ij^, 203 (1932). 
W, Ifiiheland, "Advanced Organic Chemistry', Second 
Edition, John Wiley and Sons, New York, 19^9* PPi 
M, Smallwood, ^  Am. Chem. Soc., Sk-, 30^8 (1932) • 
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Thus the Sraallwood model Is the extreme of that of Bjerr\im, 
in that he visualizes point charges embedded in a molecule 
of infinite volume, 
Kirkwood and Westheimer^^ subsequently developed a model 
which was more reasonable than either of the two previously 
discussed. They treated the molecule as either a sphere or 
an ellipsoid with radius b with an arbitrary charge distribu­
tion and irmaersed in a uniform solvent of dielectric D. The 
rather complex derived equation in the case of the ellipsoidal 
model may be simplified, and for the case in which the acid 
HA, has a charge in excess of the acid HAg* it may be written 
in the following form: 
ApK = e2/2.303 DeRICT (3) 
Dg is an effective dielectric constant defined in terras of 
the Bjerrum equation. In the case in which contains a 
dipole in excess of HA2, the equation may be written in the 
following manner: 
-^pK = el cosL/2.303 DgR^kT ik-) 
R is defined as the distance from the proton to the point 
dipole, and L is its angle of inclination to the line joining 
G. Kirkwood and P. H, Westheimer, Chem. Riya«, 
6, 506 {1938); H. Westheimer and J. G, Kirkwood, ibid, D. 
J13 (1938); P. H. Westheimer and M, W. Shookhoff, J. Am. 
Chem. Soc., 55 (1939). 
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It to the proton. 
Since the effective dielectric constant involves terns 
relating both the dielectric of the solvent and the molecule, 
it can be shown that the equation can be reduced to include 
either the Bjerrum or the Smallwood models. Consequently, 
Table X 
Computed length of acid molecule in A® 
Acid Bjerrum Modified Kirkwood- Fully Free 
model Smallwood Westheimer extended rotation 
(D = 80) model model 
(D = l) 
adipic 8.1 635 7.8 9.0 5.6 
chloro-
acetic 0.6 5.1 3,0 3.0 
calculations of the distance r based on this model gave much 
more reasonable values for r with both types of dibasic acids 
than the simpler models as is shown by Table X taken from 
Wheland.'^^ 
Sarmousakis^^ has extended the Westheimer-Kirkwood treat­
ment by considering the molecule to be an oblate spheroid with 
N. Sarmousakis, ^  Chem. Phys., 12, 277 
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charges on the focal disks with all dissociating protons and 
substitutent dipoles on the focal circles. He used the 
oblate spheroidal coordinatesc/,^, and 0 which are defined 
as: 
X = c{l t c/^)"^(l-'7^)2COS 0 (5) 
y = c{l 1-cf 2)1(1-^2jig0 
% ~ c/yid" (7) 
wheroe:/ , and 0 define orthogonal families of oblate sphe­
roids, hyperololds of one sheet, and half planes, respectively. 
The focal ring of the spheroids and hyperboloids has a radius, 
c. By making use of the expressions for the electrostatic po­
tential obtained by solution of Laplace's equation in three 
coordinates, the following relation similar to Bjerrum was 
obtained, which was then applied to substituted benzoic acids, 
log % _ e2 (8) 
(2.303kTrD£) 
where 
oO n m 
1 _ 1  ^ / l  ^  '^n cos m (9) 
"" y n=o m=o c 1-(D j^ /D)"3?^ 
An oblate spheroid is generated when an ellipse is ro­
tated about its minor axis. For a further discussion cf» H. 
Morgenau and G, Murphy, "The Mathematics of Physics and Chem­
istry", D. Van Nostrand Co,, Mew York, 19l|.3» p. 177* 
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o( ™ = 1(2-5"°) {2n + 1) [^(n-m) l(n+m) l] (10) 
and 
Igg^ a^o-h(lt//)apg^^(l^p)/pg(l^^) (11) 
(1 1 1/^) 
In the above relationships, K-j^ and Kg are the first and 
second dissociation constants, cr is the statistical factor, 
c is the charge on the proton, k is Boltzraann's constant, T 
is the absolute temperature, r is the distance between the 
dissociating protons, and Dg is the effective dielectric con­
stant. and D are the dielectric constants of the cavity 
and the solvent, respectively, r takes on the values 1, nTX 
c" 
and 2 and the angle between the radii of the focal circle 
to the dissociating protons, assiAmes the values 60°, 120°, 
and l50° depending on whether the acid is ortho-, raeta-, or 
para- substituted. P^(i2^) and Q^(i^) are associated 
Legendre functions of the first and second kind defined for 
imaginary variables. The parameter defines the boundary 
of the molecular cavity. 
It is then possible by various manipulations and graphi­
cal interpolations to simplify the complex function above to 
the following: 
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log Ka Bq _ 1 
2.303kT 










_ ^1 t 
D 
(11+) 
The terms and^^ are components of the dipole along 
and ig, the \init vector directed from the center of the 
focal circle along the radius to the dipole, making an angle 
0 with the radius of the dissociating proton and the corres­
ponding vector tangent to the focal circle in the direction 
of increasing 0, respectively. and are the dielectric 
constants corresponding to the dipoles yU^ andThe values 
®1' ®2' ^ 1 ^2 determined graphically from values of 
depending on whether the substituent is in the ortho, meta 
or para position. 
The value of for each acid was detemined from the 
equation 




in which T is the cavity volxome. For the calculation of the 
ionization constants in water, 7^ was calculated by making 
c3 
use of the dimensions of the benzene ring and van der Waals 
radii. For the remainder of the solvents, the experimental 
value of the ionization constants was substituted in the 
equations, and'V was calculated. In water solution, the 
agreement between the calculated and the experimental values 
was excellent. Sarmousakls has pointed out that as the di­
electric constant of the solvent decreases from water to 
propanol the calculated values of T' increased. He also noted 
that in general for pure solvents, that A log K was fairly 
constant but this was not true for dloxane-water mixtures# 
ills interpretation of this phenomenon was that in the dloxane-
water solution, a certain amount of unmixing occurred which 
contributed an unknown amount of free energy to the experi­
mentally measured log K term, 
Wynne-Jones^"^ has proposed that the ionization constant 
of a given acid measured relative to some standard acid in a 
series of solvents should be inversely proportional to the 
dielectric constant of the medium. He considered the inter­
cept of this linear relationship to be a measure of the in­
trinsic acid strength of the substance in question. 




Kilpatrick and co-workers^ have experimentally measured 
the dissociation constants of a series of ortho, meta, and 
para substituted benzoic acids relative to benzoic acid in 
methanol, ethanol, propanol, ethylene glycol, n-butanol, and 
in several dioxane-water mixtures. They found that the Wynne-
Jones relationship held for solvents with dielectric constant 
greater than 25# The failure of a linear relationship with 
low dielectric solvents was attributed by them to dipole-
dipole interactions between the molecule and the solvent. 
They also stated that no correlation was found for the 
ionization constants in dioxane-water solutions, and attrib­
uted this behavior to partial unmixing of the solvent. Using 
the data for the ionization constants in varied media, Kil­
patrick found a correlation between Hammett'a rho and the di­
electric constant of the solvent, in the cases where a pure 
solvent had a dielectric constant greater than Z$, 
H. Elliott and M. Kilpatrick, J. Phys« Chem., kS» 
I4.5I4., i}-66, 1^.72, 1^.85 (19^+1); ibid. £6, 22l"TlW2TT Mason 
M. Kilpatrick, J. Am. Chem .""gSc.. 59. 576 (1937). 
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EXPERIMENTAL 
The Purification of Materials 
Acetic acid was purified by refluxing ninety-nine per­
cent commercial grade acid over potaasitim permanganate for 
several hours in order to remove all oxidizable material# 
It was then fractionated by distillation through a slass 
helix packed column from acetic anhydride. Only the middle 
constant boiling fraction was collected. 
The remainder of the acids listed below were obtained 
from M. S, Newinan of Ohio State University. The acids, for 
the most part, were originally prepared by the late P, C, 
Vshitmore's students at Pennsylvania State College, and the 
methods of preparation can only be inferred from the pub­
lished methods of synthesis indicated for each, 
Methylneopentylacetlc acid was fractionated in a glass 
center rod column at ca. 1 mm. pressure, b.p, 86° (uncorrec­
ted)} 1,1^.2.31; literature^^ b.p, 217° (730 n2n,)j 
1,1^^33. The neutral equivalent was found to be 11^.$, 
and the calculated value v.as llfi|.. 
Dimethylneopentylacetic acid was used without further 
c, Whitmore, et. al,, J. Am, Chem, Soc,, 63, 6iL3, 
2028 (iglA). 
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purification, m.p. literature^® m.p, l\.$°, The neutral 
equivalent was found to be 156, and the calculated value was 
156. 
Methyl"t~but?lneopentylacetic acid was not of sufficient 
purity to warrant its use without purification. It was dis­
solved in methanolic sodium hydroxide and extracted with pen-
tane to remove what was believed to be 2,2,3»5»5-p®ntamethyl-
hexane, which could have easily been formed on long standing 
by decarboxylation of the original acid. The alkaline solu­
tion was acidified and the acid extracted with pentane. After 
this procedure was repeated several times, the melting point 
of the material had risen from 102-116° to 116-126°, and the 
neutral equivalent decreased from 270 to 250, the calculated 
value being 200. The small size of the sample prevented any 
At 
further purification. The literature lists the melting 
point of the pure material to be 130°. The neutral material 
obtained by extraction from the basic methanolic-solution, was 
obtained only in trace amoxints, and could not be identified. 
Dineopentylacetic acid was used without further purifi­
cation, m.p, 52-53°J literaturem.p. 53"'55**« The neutral 
C. Whitmore, e^ aU, ibid. 2035, 3237 (191^-1). 
C. Whitmore, al^, ibid. 1128 (193^1-). 
62 » J. G. Aston. J. T. Clarke, K. A. Burgess, and R. B. 
Grienburg, ibid, 300 (1942). 
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equivalent was calculated to be 132, and experimentally found 
to be 130, 
Dtmethyl-t-butylacetlc acid was also used without fur­
ther purification, ra.p, 200®, literature^^ ra,p, 196-7^• 
neutral equivalent was fovind to be lil.6, while the calculated 
value was lljlj.* 
Ethyl-t-butylacetic acid was used without fiirther purifi­
cation, m.p, 79•5-80.5°; literature^ 76-77°» The neutral 
equivalent was found to be 11^.6, while the calculated value 
was ll|ij,, 
Triethylacetic acid was also used without further puri­
fication, m.p, 39®J literature^5 m,p, 39°* neutral equiva­
lent was calculated to be l).|J|., and found experimentally to be 
lk2» 
Diisopropylacetic acid was obtained also in a pure state, 
b»p. 82-3® at 2 mm. pressure, l.l^i{.3, 0,9080 and 
was used without purification. The neutral equivalent was cal­
culated to be lijJ4.*2, and found experimentally to be llijij.*?* 
C. Whitmore, et. al., ibid, 63. I626 (191^2)• 
^K. L, Loening, A. B. Garrett, and M. 3. Newman, ibid, 
3k, 3929 (1952). 
C. Whitmore, et. al., ibid, 6ij.. 296lj. (19ii^). 
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The Measurement of the loniaiation Constanta 
The apparent ionization constants of the acids were 
measured potentiometrically in $0 "volume percent" methanol-
water solution at Ii-O® by the method of one-qioarter, one-half, 
and three-quarter points in the titration curve. A Beckman 
pH meter, model G, was used with calomel and glass electrodes, 
and v;as standardized repeatedly against buffer solutions at 
pH I4. and pH ?• The cell was one of approximately 200 milli­
liter capacity and was water jacketed, A rubber stopper 
placed in the top of the cell, was fitted with holes for the 
electrodes, an air driven stirrer, an offset tip for a five-
milliliter micro burette, and a thermometer. The cell was 
thermostated by water which was pximped from a regulated water 
bath. All electrical equipment in the bath, as well as the 
pH meter, was well grounded in order to obtain reproducible 
readings. 
In a typical titration, approximately 0,75 railliequiva-
lents of the acid were weighed and dissolved in 100 milli­
liters of So "volume percent" methanol-water solution. The 
methanol-water solution was prepared by mixing equal vol\imes 
of freshly distilled water and methanol, which had been pre­
viously purified by fractional distillation through a Heli-
pak column rated over one hundred plates. After solution was 
complete, and thermal equilibrium was established, approximately 
' 9k- ' 
0.2 milliliters of 0,0957 N carbonate free sodiim hydroxide 
in 50 "volume percent" methanol was added. After a minute or 
so, the air stirrer and all of the electrical equipment ex­
cept the pump in the water bath was disconnected, and the 
reading was taken. This procedure was repeated until the pH 
meter indicated a slight excess of base was present in the 
solution. If this procedure was not followed rigorously, it 
was found that random readings of the pH meter were obtained. 
However, the sample titration curves in Figure XI show that 
satisfactory readings were obtained. Also, in order to keep 
constant check on the validity of the readings, the meter was 
standardized at pH and pH 7 with standard biiffer solutions 
before and after each titration. 
The apparent ionization constants were calculated by 
reading the endpoint from the ciirve, since this could be done 
more accurately than a calculation based on the strength of 
the base, and the one-quarter, one-half and three-quarter 
strengths were determined by the following relationships. 
These data are listed in Table XI, as well as the appar­
ent ionization constants. 





Figure XI. Titration curves for hindered acids. 
Top curve - methyl-jb-butylneopentylacetic acid. 
Center curve • triethylacetic acid. 
Lower curve - methylneopentylacetic acid. 
Ordinate - pH. 




Ionization constants of hindered acids in 50 
"volume percent" methanol-water at ij.0® 
Acid Apparent 
lA 1/2 3A Kxio"^ 
acetic 5.57 5.55 S.SS 27.6 
methylneopentylacetic 6.oij. 6.05 6,07 8.90 
methyl-Jt-butylacetic 6.25 6.25 6,2ii. 5.63 
ethyl-^-butylacetic 6.31 6.32 6.31 4.90 
diisopropylacetic 6.ii.0 6.i|.0 6.39 3.98 
triethylacetic 6.1^4 6,1|J|. 6.144 3.62 
dimethylneopentylacetic 6.11-9 6.51 6.51 3.13 
dineopentylacetic 6,51 6.5i|. 6.62 2.75 
dimethyl-t_-butylacetic 6.71^- 6.72 6,71 1.91 
methyl-t-butylneopentylacetic 6,88 6.97 7.02 1,10 
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The solvent was chosen with two criteria in mind. First, 
the non-ideal behavior of electrolytes in non-aqueous solvents 
dictated that a large percentage of water must be present in 
the solvent. On the other hand, however, the slight solubil­
ity of these acids in water dictated that a considerable por­
tion of the solvent must be organic. A $0 "volxame percent" 
methanol-water solution coupled with a slightly elevated tem­
perature in order to dissolve the moat hindered of the acids 
thus seemed to be the best compromise available. The jtihction 
potential in this solvent was assumed to be small and constant 
throughout the series of acids. It was also assumed that th® 
activities of the ions were very nearly the same as in water, 
and any deviation was neglected in the calculations. 
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DISCUSSION 
Sie Ionization of Sterlcally Hindered Acids 
The effects that have been proposed to accotint for the 
strength of organic acids may be placed in two categories; 
those which are acid strengthening, and those that are acid 
weakening# The bulk of those in the first category were de­
signed to explain the enhancement of acidity in ortho substi­
tuted benzoic acids. The views of the earlier workers^® 
who explained the increased acidity by an interaction between 
the carboxyl function and the ortho substituent, have been sup­
planted by the more logical explanation of steric inhibition 
of resonance,That is to say, the carboxyl group is forced 
out of the plane of the benzene ring preventing resonsmce in­
teraction of that group with the ring. No conclusive evidence 
has been introduced, but a far better xmderstanding of chemi­
cal structure has made the older views much less tenable than 
they appeared at the time of their proposal. For example, 
the argiiment that the hydrogens on the methyl group in £-
toluic acid or in isobutyric acid are hydrogen bonded with the 
carboxyl function is weak because of the complete lack of any 
evidence for a hydrogen bond of any consequence existing be­
tween carbon and oxygen. 
Ji 1^ 
The concept of Brown^-^ Involves the acid strengthening 
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effect of sterlc inhibition of resonance as well as the acid 
weakening effect of increased strain in the essentially tetra-
hedral configuration of the anlliniuia ion as compared with 
the essentially trigonal configuration of the aniline. This 
argument assumes that the predominant effect is due only to 
the Increased sterlc requirements of the anilinium ion, since 
Brown has proposed that the variation in acidity constants 
may be taken as a criterlan for the estimation of internal 
strains of neutral "homomorphs" of the anilinium ions. 
The work of Pearson^^ has shown that Brown was not con­
sidering the problem in its entirety, since the former author 
found that the catalytic effect of amines on the ionization 
of nitroethane increased when Brown's steric strain theory 
predicted it should decrease. Pearson, therefore, attributed 
Brown's observations to a decrease in solvation of the 'onlxm 
ion as the number of alkyl groups attached to nitrogen In­
creased, As supporting evidence, Pearson presented the ioni­
zation constant data listed in Table VIII of this thesis, and 
showed that his results paralleled the base strengths in sol­
vents of varied dielectric strength. 
It follows then, that the strengths of ortho substituted 
benzoic acids are the result of two factors, one which is 
acid strengthening arising from steric inhibition of resonance, 
and the other acid weakening, arising from decreased solvation 
of the carboxylate anion. In this case, it is apparent that 
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steric inhibition of resonance is the predominant effect, and 
masks the relatively small stabilization of the undissociated 
acid due to the screening of the anion by the ortho substitu-
ents. 
In the case of the di»ortho substituted phenols reported 
by Stillson,^"^ steric inhibition of resonance no doubt is un­
important until both ortho positions are occupied by larger 
groups than methyl. This may be illustrated by the fact that 
2,6-diraethyl-]4.-^-butylphenol is soluble in sodiiim hydroxide 
solution, and also that a model of the corapoimd allows the 
hydroxyl group to remain in the plane of the ring. This is 
also true of 2,l4.-dim©thyl-6-1t-butylphenol even though it is 
Insoluble in sodium hydroxide solution. In 2,14.,6-tri-Jb-
butylphenol the model shows that the hydroxyl group is some­
what hindered by the adjacent ^-butyl groups, and may be 
forced somewhat out of the plane of the ring. It appears 
quite clear, then, that 2,4-dimetriyl-6-Jb-butylphenol is a 
weak acid because of steric hindrance to solvation of the 
phenoxide ion. The extreme insolubility of the tri-;t-butyl-
phenol may be explained as the result of both effects oper­
ating, since steric Inhibition of resonance in this case 
tends to weaken the acid. 
Even though the qualitative data already available for 
the hindered phenols indicates these compounds represent a 
good case for illustrating the importance of solvation 
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effects, a better case may be presented for hindered ali­
phatic acids, since they are not complicated by any sterlc 
inhibition of resonance in the anion. A comparison of the 
data presented in Table , XI of this thesis with that of Bri^t 
and Briscoe^® listed in Table X shows that the sterlcally 
hindered acids are weaker than their straight chain analogues. 
The two sets of data are not directly comparable since a 
of 5*62 @ 23® obtained in this work for benzoic acid does not 
compare favorably with the value of 5#15 @ 25° obtained by 
Bright and Briscoe. It could not be ascertained from their 
description of the work whether ratios of alcohol to water or 
the true volume percent had been used. At any rate, it is 
seen that if one arbitrarily assiames a value of 60 percent 
by volume for comparison, the normal and iso-acids are not 
as weak as any but the strongest listed in Table XI. The 
magnitude of the effect is also of a different order of mag-
66 
nitude than observed by Dippy for «<-substitution of acetic 
acid, since the weakest acid measured, methyl-^-butylneopen-
tylacetic is 25 times weaker than acetic acid. 
If one carefully scrutinizes the results, it is seen 
that in every case when the corresponding _t-butyl and neo-
pentyl acetic acids are compared, the t-butyl acetic acid is 
weaker than the neopentyl acetic acids by a factor of 
P. J. Dippy, J. Ghem. Soc., 1222 (1938). 
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approximately 1,$, When the Flscher-Hlrshfelder models of 
these compounds are constructed. It Is noted that In each 
case the jb-butyl group more efficiently surrounds the car-
boxyl group, screening it from the solvent than does the 
corresponding neopentyl group. The neopentyl group presents 
a larger bulk, and in the case of dimethylneopentylacetic 
acid the model can be constructed only with difficulty even 
though the resulting molecule has a more open structure than 
the less bulky dimethyl-^-butylacetic acid. 
The above facts tend to indicate that a somewhat smaller 
bulk situated closer to the carboxyl function has a greater 
acid weakening effect than a greater bulk somewhat removed 
from the site of the carboxyl group. The general trend of the 
data illustrates this point, since all of the tri-substituted 
acetic acids are weaker than the moat hindered dlsubstltuted 
acid. A case in point is triethylacetic acid with relatively 
small bulk, but weaker than Its bulky Isomer, methylneopentyl-
acetlc acid, by a factor of 2.8. 
A comparison of the ionization constants of the hindered 
acids presented herein with the empirical rule of six pro* 
posed by Kewman^'^ proves to be interesting. If one writes 
down the six numbers for the acids listed in Table XI, It is 
seen that the number increases as the strength of the acid 
decreases, as long as one stays in either dlsubstltuted or 
trisubstituted acids, but an overall correlation with acid 
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strength la not found. It should be pointed out, however, 
that the significance of the six nianber is quite obvious, and 
any correlation within a given sequence of similar acids 
should be expected. 
As was also to be expected, a plot of log K for the acid 
catalyzed esterification of several of these acids versus log 
K for the ionization constants gave a scattering of points. 
o 
The reference compound in each case was acetic acid. Since 
the proposed solvation effect is involved in the free energies 
as an entropy term, it is gratifying that no linear free energy 
relationship was observed. 
When one considers the supporting evidence as a whole, 
it is quite clear that the large acid weakening effect re­
ported here is the result of the effect of bulky alkyl groups 
on the carboxylate anion. The close proximity of these 
groups lowers the effective dielectric constant in the vi­
cinity of the carboxyl group increasing its electrostatic 
free energy. At the same time the solvent becomes less 
available for hydrogen bonding at the carboxylate oxygens 
which should also Increase its free energy. These effects 
are both acid weakening, and since they are concurrent effects 
in the hindered aliphatic acids, they cannot be differentiated 
by the data presented here. In addition, it is quite possible 
that the steric requirements of the acidic hydrogen atom makes 
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a small contribution to the acidity of these compounds. 
However, one can be quite certain that steric inhibition of 
solvation is of such a magnitude that it completely over­
shadows proton repulsion. 
The Correlation of Rho Constants Ysfith 
Effective Dielectric Constants 
Hamnett^^ has stated that the greatest weakness of the 
field theory in its present state is its Inability to accoxmt 
for differences in the magnitude of the quantity rho in dif­
ferent reactions. The Westheiraer-Klrkwood treatment improves 
the simpler theories somewhat, but still is not at all satis­
factory. The Sarmousakls treatment is a refinement of the 
Westheimer-Klrkwood theory in that he has chosen a more flex­
ible and realistic model for describing the Interaction of 
the dipoles with the solvent and the molecule. The most 
promising aspect of this refinement is the fact that it made 
allov/ances for changes in solvent. 
The ionization of benzoic acids is a process that has 
been studied extensively, and also has the advantage that 
these acids may be correlated by a linear free energy re­
lationship, such as that of Haramett. Furthermore, attempts 
p. Hamiiiett, "Physical Organic Chemistry", McGraw-
Hill Company, New York, 19J^0, p. 203. 
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have already been made to correlate acid strength with di­
electric constant of the ionizing medium. The results of 
these attempts have always given approximately the same re­
sults, namely that a correlation exists only for pure sol­
vents with dielectric constant greater than 25-
In order to establish the interdependence of ionization 
constants of benzoic acids, Hanimett's rho, and dielectric 
constant, it is necessary only to write the following rela­
tionships i 
iogK =(0<J- (19) 
o 
log K = e2/2.303kTrDe = F ( l\ (20) 
where equation (19) is the Hammett equation and equation (20) 
is a simple form of the field theory derived by Sarraousakis. 
It follows directly that 
log K ^ po- = (21) 
If water is now chosen as the standard solvent, as is the 
established convention, then the relationship becomes 
log = P 
^ IMw ow * /w









Dividing (23) by (22) one obtains 
w 
(24) 
If e and r are assumed constant and T is held constant 
In equation (20), then 
Thus the usual plot of log Kg against si@aa constant, or 
OS 
better in this case, a single set of data for the ionization 
constants of benzoic acids in water, since sigma constants 
are average values derived from a large amount of data from 
different sources, will yield a value of rho for the ioniza­
tion of benzoic acids in a particular solvent. Then by 
suitable assumptions, as will be explained, the effective di­
electric constants for a aeries of solvents may be calculated. 
Then a plot of rho versus the reciprocal of the effective 
(25) 
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dielectric constant should give a straight line with a slope 
equal to the effective dielectric constant of water. 
In order to calculate the effective dielectric constants 
for a series of solvents, Sarmousakis made use of existing 
data for van der Waals radii and the geometry of aromatic 
compounds to calculate X', the average cavity volxame of a 
particular benzoic acid in water solution. Ellipsoids with 
axes of different lengths rather than oblate spheroids were 
used. The length of the major axis was set equal to the dis­
tance between the outermost atoms along the axis of ayraetry 
plus the sxim of the van der Waals radii of these atoms. The 
length of the mean axis was set equal to the distance between 
the two ortho hydrogens plus twice the van der Waals thick­
ness of the benzene ring. The ellipsoidal shell around the 
molecule was assumed to arbitrarily have a thickness 
0,80 A°, the avera_,e distance between the van der Waals 
radius and the covalent radius of any atom. These values of 
were then used in order to calculate the pKj^ of each acid 
in water solution. In the case of the other solvents, the 
reverse procedure was used. That is, the pK^ value of the 
acid in a given solvent v/as utilized in order to calculate a 
cavity volume T for that acid in the solvent in question. 
Consequently a table of values for a large number of ben­
zoic acids in several solvents was presented by Sarmousakis. 
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68 It should be noted in the previous discussion of this 
work, that the effective dielectric constant is split into 
two components, one designated as and the other D^, In 
the case of a meta substituted acid, both of these components 
enter the calculations, but with para substituted acids, only 
the terra involving appears. Since the rho values include 
S'Wd para substituted benzoic acids, the effective 
dielectric constants were calculated on the basis that all of 
the acids were para substituted. 
In order to calculate a value of T- "to be used in con-
' w 
junction with rho values, an average value ofTl was taken 
from Sarmousakis' work excluding those calculated values that 
deviated markedly from the mean value. This was done essen­
tially because of the sensitivity of the effective dielectric 
constant to changes in the cavity volume. A constant value, 
c = 3»30A°, was taken for the radius of the focal ring of the 
ellipsoid, 3}hen by successive approximations, a value of 
defining the boundary of the cavity was obtained from the 
equation 
The values of obtained in this manner are listed in Table 
XII along with the average cavity volume,'!'^. 
2* -
c3 ~ 3 
(26)  
^®p. 87, this thesis 
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For the sake of comparlaon, the same procedure was fol­
lowed except that a constant value of = 26lA®^ was used. 
This procedure, of course, gives a constant value of 
which, in this case, is equal to 0.9. Having found the value 
Table XII 
Average values of /q and for meta substituted 
benzoic acids in various solvents 
Solvent eTo Iw Solvent o?b Tw 
water 0.97 257 butanol 1.15 359 
ethylene 
336 26.5^ dioxane-water 1.0k- 296 glycol 1.10 
methanol 1,18 385 dioxane-water 1.06 311 
ethanol 1.18 387 73*5^ dioxane-water i.o4 299 
propanol 1.18 385 OO 0.93 238. 
determining the boundary of the cavity, this sets the corres­
ponding and gg parameters which have been found graphically 
by Sarmousakis at 0,1792 and 0,961^8, respectively, in the last 
mentioned case and as listed in Table XIII for the first case. 
The effective dielectric constants were then calculated 
from the following relation. 
Ill 
1 _ Si . 22 ^^7) 57 +• -
Di D 
Dji^ Is the Internal dielectric constant of the molecule arbi­
trarily set at a value of 2, and D is the dielectric constant 
Table XIII 
and g2 values for meta substituted benzoic 
acids in various solvents 
4 % ®2 0^ ®1 ®2 
0.93 0.27i^-2 0.9206 1.08 0.3912 0.8110 
0.97 0.3059 0.8932 1.10 0 .i|.o66 o.79l}-3 
l.Oit- 0.3605 0.81^.13 1.15 0.1^425 0.7514-0 
1.06 0.3758 0.8256 1.18 0 .[{.614.0 0.7296 
of the solvent. The results of this calculation are suinraar-
ized in Table XIV for both cases being considered. The values 
of rho in each case are also included. 
When rho is plotted against l/D;r for cases I and II in 
Figures XII and XIII, quite different results are observed. 
In case I, a definite trend of values shows that the relation 
between the ratio of ionization constants and the dielectric 
Table XIV 







Case I®- Case I Case II 
Rho 
water 78.5 8.08 0.1239 0.1019 1.00 
26.5^ dioxane-water 55 6.63 0.1510 0.1071 1.28 
^3*5^ dioxane-water J4.0 6.12 0.1635 0.1135 1.35 
ethylene glycol 37.5 5.63 0.1776 0.1153 1.2if 
methanol 31.5 if.86 0.2058 0.1202 1.1+0 
ethanol 21^..2 i+..69 0.2134 0.1295 l.ij.6 
propanol 20.1 ij-.53 0.2203 0.1376 1.50 
butanol 17*1 k'Sl 0.2192 O.li+60 1.1+4 
73»5/» dioxane-water 15 5.33 0.1877 O.llUl-O 1.53 
varies in Case I, and is constant in Case II, 
Figure XII. Corralafcion of rho constant and dielectric constant. Case I, 
Ordinate - rho constant,f 
Abscissa - 2^  x 10^  
n/ 
1. -






73.5?^ d i oxane-wat er 























Figure XIII. Correlation of rho constant with dielectric constant. 
Case II. 
Ordinate - rho constant,^ 
p 
Abscissa - 1 X 10 
IT 
The n\imbers are the same as in Figure XII. 
- Il6 -
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constant is not a simple function. The dashed line corres­
ponds to the correlation that has been made by Kilpatrick^® 
and others. It is quite obvious that a simple dielectric 
constant, which the effective dielectric constant is in this 
case, is entirely unsatisfactory to account for the observed 
rho constants. It should be noted that all of the dioxane-
water mixtures and the pvire solvents of low dielectric con­
stant deviate considerably from the rough linear relation­
ship. 
However, in Case II there are quite definitely two linear 
relationships. The pure hydroxylic solvents fom one line, 
while the dioxane-water mixtures form the other. The devia­
tions are quite small considering that the cavity volumes 
used in the calculation of the effective dielectric constants 
were weighed averages of a considerable number of substituted 
acids. This factor was of particular importance in the case 
of the dioxane-water solutions, since the individual cavity 
volximes varied considerably. It was in these cases that the 
large deviations were disregarded in computing the average 
rho value. 
The slopes of the two lines are considerably different. 
It will be remembered that equation (25) predicted that the 
slope of the line resulting from the plot of rho versus 1/D^ 
should be equal to the effective dielectric constant of water. 
The slope of the dioxane-water line la very nearly this value. 
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being 8.8 as compared with 8,1 for the theoretical line. The 
which is very nearly one-half the theoretical value* 
There seems to be a quite reasonable explanation for 
this deviation, however. In arriving at the simplified re­
lationship expressed by equation (25), it was assumed that 
both e and r remained constant, and thus cancelled when the 
ratio was taken. If e is not assumed constant, but varies 
with a change in dielectric constant, equation (25) becomes 
The field theory upon which equations (25) and (23) depend 
was derived from a consideration of the work necessary In 
order to remove a proton from the undissociated acid to a 
point infinitely distant under the Influence of the dipolar 
substltuents, It is easy to visualize that the proton In 
water solution has its charge fairly well dispersed through­
out the cluster of water molecules which solvate the ion. 
In a solvent of dielectric constant lower than that of water, 
the dispersion of charge should be less and in fact should be 
related to the magnitude of the dielectric constant of the 
solvent. Therefore, it seems quite reasonable to expect the 
slope of the pure solvent line to be less than in a mixed 
pure solvent line, on the other hand, has a slope of only ij..8. 
(23) 
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water solvent in which the water present no doubt solvates 
the proton almost exclusively. The slope of the line in this 
case should then very closely approximate the theoretical 
value. 
The correlation obtained with the pure solvents is not 
restricted only to those which have a hi^ dielectric con­
stant, since propanol and butanol deviate only sli^^htly from 
the best straight line through the six points plotted. The 
success of this treatment illustrates the importance of the 
degree of solvation in organic reactions in general. The 
values of '7^ listed in Table XII show that a decrease in di­
electric constant first causes an increase in cavity volume, 
and then a subsequent decrease. This behavior is in agree­
ment with a picture in which the dipolar groups are strongly 
solvated in a solvent of high dielectric, and the benzene 
ring solvated in a medium of low dielectric constant. Of 
course, the physical picture of solvation cannot be too clear 
from a treatment of this sort, since the charges have been 




The ionization constants of a series of highly hindered 
aliphatic carboxylic acids have been measured. The data are 
consistent with the hypothesis that two factors are sufficient 
to explain the acidity of hindered organic acids. 
Since steric inhibition of resonance is not a factor in 
these aliphatic carboxylic acids, the acid weakening effect 
observed may be assigned to the second factor, steric hin­
drance to solvation of the carboxylate anion, 
A treatment of substituted benzoic acids based on an 
oblate spheroidal model has been modified slightly in order 
to calculate effective dielectric constants for these acids 
in various solvents. These effective dielectric constants 
were then correlated with Hammett's rho constant, 
A linear relationship was obtained for pure solvents 
regardless pf their dielectric constant. Another linear re­
lationship was obtained for dioxane-water mixtures of widely 
varied compositions. It was shown that the work necessary 
to remove a proton from an acid was proportional to the 
effective dielectric constant in the case of a pure solvent, 
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